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U.S. Navy’s new 


long-range 


twin-jet 


bomber 


Built for the Navy, and now undergoing 
tests, the carrier-based Douglas A3D is 
designed to add new striking power to 
the Naval air arm. 

Performance data on this plane is still 
secret, but no aircraft of comparable size 
—now in service or contemplated for 


early service introduction—will be able 
to carry an equivalent bomb load as 
high or as fast as the Douglas A3D. 
Powered by twin jets, slung in pods 
below the wing outboard of the fuselage, 
A3D will be in the 600 to 700 mph class 
-». yet its planned range, from aircraft 


the Douglas A3D 


carriers, will let it strike across wide ex- 
panses of water at enemy targets. 

Selection of Douglas to build the A3D 
is another example of this company’s 
aviation leadership. Faster and further 
with a bigger payload is the basic concept 
of Douglas design. 


First in Aviation 
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The design permits close ~~ 

balance against linear 


acceleration effects with a 
high degree of mechanical 
shock resistance and leads to 
a damping characteristic 
relatively insensitive 

to temperature. 


The transducer element, an 
unbonded strain gage bridge, 
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proportional to applied 
angular acceleration for 
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d.c. circuits. 
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Exceptional resistance to the high 
temperature and severe erosive 
conditions developed in uncooled 
rocket motors is offered by spe- 
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Oxidizer Rocket Propulsion 


If you are designing rocket motors using liquid propellants, you should 
consider Nitrogen Tetroxide as oxidant. 
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VOLUME 22 NUMBER 6 


—JOURNAL OF THE AMERICAN 


SOCIETY 


Editor-in-Chief 


MARTIN SUMMERFIELD 


Large-Scale Production and Handling of Liquid Hydrogen 


H. L. COPLEN? 


Aerojet Engineering Corporation, Azusa, Calif. 


‘The design and operation of the first hydrogen liquefac- 
tion plant specifically constructed for the production of 
liquid hydrogen as a rocket propellant are described. This 
plant has a liquefaction capacity of over 12 lb per hr and is 
designed for continuous operation. A functional and 
physical description of the plant is given to emphasize 
important parameters. 

The general design of a proposed large scale hydrogen 
liquefaction plant is also described. This plant is based 
on a closed helium refrigeration cycle having a liquefaction 
capacity of about 120 lb per hour. 

The design of storage vessels suitable for handling 100-Ib 
and 250-lb lots of liquid hydrogen is discussed, and basic 
design criteria and data are provided for use. Handling 
and safety precautions appropriate to liquid hydrogen are 
discussed, based on extensive experience gained as a result 
of the production and handling of approximately 7400 Ib 
of liquid hydrogen during a period of about six months. 


Introduction 


A Hisroricau INTEREST 


ANY of the early pioneers in rocket development 

studied the use of liquid hydrogen as a fuel, but the 
severe handling problems associated with its ex- 
treme physical properties were somewhat discouraging. 
Illustrative of these properties which make practical 
handling difficult are a boiling point of —426 F at one 
atmosphere and a density about one seventh that of 
water. Interest in the methods and apparatus used in 
hydrogen gas liquefaction has recently become much 
more widespread because of a realization that handling 
methods may be developed to cope with the problems. 
In addition to the steadily increasing requirements for 
liquid hydrogen in the basic research field, new uses 
peculiar to the armed forces and to the Atomic Energy 
Commission have been discovered. In general, these 
new applications appear to require the use of advanced 
concepts in plant design in order to reduce plant volume 
and weight and to provide for reasonable portability. 


1 Presented at the American Rocket Society session at the 20th 
Annual! Meeting of the Institute of the Aeronautical Sciences in 
New York, N. Y., February 1, 1952. 

2 Senior Engineer, Liquid Engine Division. Member ARS, 
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In addition, consideration must be given to the poten- 
tial need for very large scale plants. Most liquefaction 
cycles and plant component designs currently in use are 
based on commercial and necessarily conservative engi- 
neering practices and have not utilized recent advanced 
machinery and cycle design concepts for economic rea- 
sons. 

The armed forces have potential requirements for 
both field and base generators of liquid hydrogen for 
supplying rocket-propelled missiles. The development 
of field generators would seem to be especially urgent 
because of the necessity for minimum equipment vol- 
ume and low weight per unit output. Refrigeration 
machines for reducing storage losses from liquefied gas 
storage vessels may also be important, and work is now 
being done in this field. 

The Atomic Energy Commission has an apparent 
potential need for gas liquefaction plants for low-tem- 
perature, solid-state research, for nuclear propulsion re- 
search, and for possible use in the production of isotopes 
of hydrogen. Any of these potential uses might require 
scales of operation never heretofore contemplated, par- 
ticularly in respect to the liquefaction of hydrogen and 
helium gases. 


B DEVELOPMENT AT AEROJET 


In the course of a rocket research and development 
program carried on in 1948 and 1949 at Aerojet, it was 
necessary to design, build, and operate a hydrogen 
liquefaction plant with a capacity of over 12 lb per hr. 
This plant is the largest known hydrogen liquefaction 
plant and the only one designed for continuous 24-hour 
operation. Extensive experience in the handling of 
low-temperature fluids was gained as a result of the pro- 
duction and handling of approximately 7400 pounds of 
liquid hydrogen during a period of about 6 months. 
This work will be described in some detail below. 

As a part of the major purpose for which the plant to 
be described was built, a high-performance injector for 
use with the liquid-hydrogen liquid-oxygen propellant 
combination was developed on a 400-lb thrust scale. A 
3000-lb thrust chamber was then developed which 
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FIG. 1 3000-LB LIQUID HYDROGEN AND LIQUID OXYGEN MOTOR 
IN OPERATION 


operated at specific impulse values ranging from 93 to 
99 per cent of theoretical. The 3000-lb thrust chamber 
is shown in operation in Fig. 1. 

The first pump to successfully produce high heads in 
pumping liquid hydrogen was built and tested at Aero- 
jet during this same program. This pump is shown 
in Fig. 2. Liquid hydrogen pump tests were conducted 


CAVITATING VENTURI 
PUMP INLET NOZZLE 


UNSHROUDED RADIAL 


GASEOUS NITROGEN 
VANE IMPELLER 


WARMED BEARING 
@ SEAL SYSTEM 


FIG. 2 EXPERIMENTAL LIQUID HYDROGEN PUMP 


at shaft speeds to 35,000 rpm, producing heads to 
15,000 feet (450 psi) at flow rates to 0.75 lb/sec. It was 
therefore demonstrated that pumping liquid hydrogen 
in a turbo-rocket engine is perfectly feasible and can be 
accomplished with a single-stage centrifugal pump. 


II Plant Design 


A Agrosget LIQUEFACTION PLANT 
1 General Design Criteria 


This plant is designed to process and liquefy elec- 
trolytic hydrogen (and any isotopes that may be pres- 
ent) on a continuous-operation basis. Dr. H. L. 
Johnston of the Ohio State University Research Founda- 
tion acted as consultant in the plant design. A high- 
pressure, liquid-nitrogen-precooled, Joule-Thomson 
cycle is used. Dr. Johnston’s cryostat design was 
adopted because it was close to the required capacity 
and because it was immediately available. Dual puri- 
fication units are used in all cases where periodic re- 
generation is required. Safety and dependability in 
operation are provided to a marked degree by the ar- 
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rangement of equipment and controls and by the use of 
monitoring instrumentation to maintain gas purity and 
to protect against atmospheric contamination. 

Two hydrogen compressors are used, each having a 
capacity of 94 cfm. These units may be used alter- 
nately or simultaneously to produce approximately 
double the single-compressor output of liquid hydrogen. 
The plant capacity with one compressor is 42 liters (6.6 
lb) per hr. Liquid nitrogen is required at the rate of 
about 1.4 liters per liter of liquid hydrogen produced; 
about 1.0 liter is used in precooling and 0.4 liter for 
purifiers and other miscellaneous uses. This nitrogen 
usage may also be stated as about 34 equivalent cul ic 
feet (at standard conditions) per liter of liquid hydrogen 
or about 1410 equivalent cu ft per hr. 

The plant described below contains some equipment 
which represents a compromise required to permit the 
initial production of liquid hydrogen on schedule. The 
cycle used was necessarily selected for minimum in- 
stalled cost because of the limited period of operation 
expected. Accordingly, the plant might be considered 
to be in a laboratory-pilot stage of development. 


2 Functional Description (see Fig. 3 for Plant Flow 
Diagram) 


(a) Hydrogen gas is fed from the hydrogen tube 
banks A, or Ag (capital letters in this report refer to the 
symbols in Fig. 3, unless otherwise indicated) or from 
the hydrogen tube trailer (A;) through the Deoxo 
catalyst purifier (B), to remove any oxygen that may 
be present. It enters the low-pressure system to re- 
place the gas that has been liquefied in the process. On 
entry, it mixes with the gas returning from the lique- 
faction step and is compressed to approximately 2000 
psig by either of two compressors (H, or He). 

(b) The gas is then passed through a dryer set, con- 
sisting of a heat-exchanger condensation dryer (O,; or 
O-) and two silica gel adsorption dryers (L; and Le, Ls 
and Ly). The silica gel dryers are operated in series, one 
upstream and one downstream of a refrigeration evap- 
orator heat exchanger (J). The flow of the hydrogen 
gas through the dryer set is as follows: (1) After pas- 
sing through the condensation dryer and one of the 
silica gel dryers, it enters the refrigeration evaporator 
heat exchanger (J), where it is cooled to approximately 
—60 C by means of Freon 22 refrigerant. (2) It then 
enters the second silica-gel dryer and, subsequently, the 
coil in the condensation dryer, where it cools the warm 
gas entering the shell side of this unit, thereby regain- 
ing most of the heat lost during the cooling and con- 
densation process. 

(c) The gas next enters the liquefier cryostat (V; 
and V2), where a small portion is by-passed through the 
upper coil section of the nitrogen precooler (V;) while 
the remaining gas goes through the upper coil section of 
the hydrogen interchanger (V2). This procedure is fol- 
lowed in order to use the cooling effect of the return 
hydrogen gas most efficiently. 

(d) The two incoming gas streams then join each 
other in the nitrogen precooler (V;), and proceed 
through the next cooler coil section and then through a 
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coil located in the bottom section of this unit, the latter 
being submerged in liquid nitrogen. The hydrogen 
then enters a liquid-nitrogen-cooled silica-gel adsorption 
purifier (R,; or R,) for additional purification by the ad- 
sorption of any oxygen or nitrogen impurities in the 
hydrogen gas at the liquid nitrogen temperature. 

(e) The gas then re-enters the nitrogen precooler 
(V,), where it passes through two coil sections sub- 
merged in liquid nitrogen, and then enters the hydrogen 
interchanger (V2) once more. In this unit it passes 
through the central coil section surrounded by effluent 
cold hydrogen gas and the lower coil which is sub- 
merged in liquid hydrogen. 

(f) Finally, the hydrogen gas passes through a 
Joule-Thomson expansion valve, where approximately 
one fourth of the gas is liquefied, and the remaining gas 
re-enters the process cycle at low pressure after passing 
upward around the tubes of the heat-exchanger coil 
sections. The liquid hydrogen collects within the glass 
Dewar of the liquefier (V2) from which it may be trans- 
ferred periodically or continuously as desired. 

3 Physical Description 
(a) Plant Installation 
(1) The plant installation is shown in Fig. 4. The 


FIG. 4 LIQUID HYDROGEN PLANT INSTALLATION 


engine-driven compressors used in initial operations are 
seen on the left and the liquid nitrogen storage sphere 
on the right. All other plant components except for the 
gaseous hydrogen storage banks were within the sheet 
metal plant building. 

(b) Hydrogen Storage Provisions 

(1) Portable Hydrogen Tube Trailer: Gaseous hy- 
drogen may be supplied to the plant using portable 
hydrogen tube trailers. Connections are provided so 
that gas can be transferred from the tube trailer to 
either of the two storage banks or directly to the lique- 
fier system. 

(2) Hydrogen Storage Banks: Two storage banks, 
each consisting of 36 cylinders and holding approxi- 
mately 2600 cu ft of hydrogen (measured at 70 F and 
one atmosphere) at a pressure of 2000 psig, are used as 
the main storage for process gas. The cylinders in each 
bank are manifolded together into a common stainless 
steel line which serves as the feed line to the equipment 
located inside the liquefier building. Suitable valves 
and connections are provided whereby it is possible to 
transfer the gas from either bank into the hydrogen 
system. 
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(3) Low-Pressure Gas Holder: A floating gas holder 
(1), with a capacity of 200 cu ft, is installed in the lique- 
fier building to maintain a constant pressure of about 
1/, psig to the inlet side of the compressor. The holder 
acts as a surge tank for the cycle and is maintained at 
nearly mid-position by balancing the consumption and 
supply of the system. Tricresyl phosphate is used as 
the liquid sealant in the gas holder. This compound 
was selected for use because it has a low vapor pressure 
over the temperatures encountered, does not absorb an 
appreciable amount of oxygen from the air, and is non- 
combustible. 

(4) Service Storage Banks: Two banks of four cy!- 
inders each are arranged to receive pure hydrogen gus 
from the system during shutdown of the liquefying proc- 
ess. This arrangement provides a supply of purified 
hydrogen which facilitates operations when the unit is 
started up after shutdown. Each of the cylinders has : 
capacity of about 215 cu ft (measured at 70 F and one 
atmosphere) at a pressure of 2000 psig. 

(c) Hydrogen Compressors 

A Chicago pneumatic compressor (three-stage, 94 
cfm) supplies hydrogen to the system. One of the two 
units installed is shown in Fig. 5. An identical standby 


FIG. 5 THREE-STAGE 94-CFM HYDROGEN COMPRESSORS 


compressor is connected in parallel. Both are driven by 
60-hp electric motors, and the units may be simultane- 
ously operated to nearly double the output capacity. 
Mercoid pressure switches, set at 2500 psi, protect the 
compressors from overload. Pressure-relief valves are 
located at each compressor stage. The compressors are 
automatically controlled by the volume of gas in the gas 
holder utilizing dual limit switches. The compressor 
will shut off when the gas holder is empty and will start 
when it is completely full. This system provides for 
disposing of any gas that boils off from the liquid hy- 
drogen receiver (W) during plant shutdown or periods 
of intermittent operation. The gas is pumped from the 
gas holder back through a check valve into the supply 
banks. 
(d) Oil and Water Separator 

Two high-pressure oil and water separators are in- 
stalled in the discharge lines of both hydrogen compres- 
sors (H; and He) to remove any oil or water droplets 
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which may be entrained in the hydrogen gas after com- 
pression. 
(e) Purifier Equipment 

(1) Deoxo Catalyst Purifier: This unit is used to re- 
move oxygen from the raw hydrogen supply by means 
of « palladium catalyst. A pressure-regulating valve at 
the unit maintains its inlet pressure at 50 psig. This 
unit is a Baker Deoxo purifier with a capacity of 2500 
cu ft per hr at 50 psig operating pressure. It is designed 
to reduce the oxygen content of the raw hydrogen gas 
to below one part in a million. 

2) Dryer System: Moisture is removed from the 
gus stream by means of two dryer sets. A complete 
drver set consists of one condensation dryer and two 
silica-gel adsorption dryers mounted in a steel case. 
Santocel is used in the space between the three dryers 
aid the case for insulation purposes. The two dryer sets 
are connected in parallel, to make possible the regenera- 
tion of one set while the other is in service. 

(a) Condensation Dryer (Fig. 6): The gas enters 


TO REFRIGERATION SYSTE 


high-pressure gas are soldered along the outside of the 1- 
in. tubing for its entire length. Hydrogen gas entering 
the unit separates into two streams, one passing through 
the upper interchanger and the other through the lower 
interchanger. These streams join again after leaving 
the unit. This heat exchanger is housed in a steel case, 
which is packed with Santocel for insulation. Also in- 
cluded in the steel case are a U-shaped Freon subcooler 
and a Freon heat exchanger. 

(c) Refrigeration System: A two-stage Freon 22 
system of refrigeration has been included in the liquefy- 
ing process to cool the hydrogen gas, leaving the shell 
side of either condensation dryer, so that, in its return 
through the tube side of the same dryer, it will cause 
moisture to condense from the incoming, ambient 
hydrogen gas. The flow cycle used may be followed by 
referring to the refrigeration system shown in Fig. 3. 

(d) Adsorption Dryer (Fig. 7): Silica gel-type 
dryers are used to adsorb impurities that are not re- 


moved in the condensation dryers. wo sets of these 


HYDROGEN FROM ORYER 


FROM REFRIGERATION SYSTEM 


the dryer at the bottom through the shell inlet and 
passes through the shell around copper coils containing 
a return flow of cold gas that already has been drie/ in 
the same system and subsequently cooled in the Freon 
22 refrigeration evaporator heat exchanger (J). Mois- 
ture in the gas is condensed on the outside of these cold 
coils and is removed from the system by means of drain 
valves. There are 19 parallel copper-tubing coils in the 
unit arranged according to the Giauque system. 

(b) Refrigeration Evaporator Heat Exchanger: 
‘the temperature of the hydrogen emerging from the re- 
frigeration evaporator heat exchanger is approximately 
—60.C. This heat exchanger consists of 12 turns of 1- 
in. type-K copper tubing (7 turns in an upper inter- 
changer and 5 turns in the lower interchanger). Eight 
‘/\s-in. copper tubes connected in parallel to carry the 
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FIG. 6 HYDROGEN CONDENSATION DRYER 


adsorption dryers are employed. Each set consists of 
two dryers operated in series, one upstream and one 
downstream of the refrigeration evaporator heat ex- 
changer (J). 

(3) Adsorption Purifier (Fig. 8): Two purifiers, 
which may be connected in parallel or series, are utilized 
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FIG. ¢ SILICA ADSORPTION DRYER 
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FIG. 8 ADSORPTION PURIFIER 
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to remove any foreign gases, primarily nitrogen, which 
may be present. Normally the purifiers are connected 
in parallel so that one of the units may be regenerated 
while the other is in the process cycle. Gas entering the 
adsorption purifier first passes through an inner coil of 
3/, in. copper tubing submerged in liquid nitrogen to 
cool the gas for maximum adsorption efficiency. It 
then enters a condensation separator after which the 
gas passes through an outer coil filled with silica gel 
where impurities are adsorbed. This outer coil is made 
of copper pipe (1'/;in. OD) with a total length of about 
66 ft. 

(f) Liquefier Cryostat Assembly (Fig. 9) 


(1) The liquefier cryostat assembly consists of a 
liquid-nitrogen precooler interchanger (V;) and a 
liquid-hydrogen interchanger (V2) connected by a 
horizontal passageway that is evacuated during opera- 
tion for the purpose of insulating the tube connections 
which pass between the two units. The coils of the 
units are contained in two separate 54-in. Dewars. 
The upper two coil sections of both units are wrapped 
with a thin Monel sheet, and a wool material is wrapped 
over the Monel sheets to provide a snug fit against the 
Dewars. The wrapping described above is provided to 
effect more efficient contact between the rising nitrogen 
or hydrogen gases and two upper coil sections of both 
units. At the upper part of the top coil sections of both 
units, a copper, funnel-shaped seal serves to prevent the 
effluent gases from by-passing the heat transfer surface 
in passing to the outlet connections. Thirty-one ther- 
mocouples are provided in the cryostat system. The 
coils and Dewars of both units may be removed from 
their containers for inspection and overhaul by means 
of a hydraulic lift. 

(2) There are a total of five copper-coil interchang- 
ers in the liquid nitrogen precooler (V,)._ During normal 
operation, three of these are immersed in liquid nitrogen 
and the other two are cooled by effluent nitrogen gas. 
Copper manifolds are located in the inlet and outlet 
lines of the latter two unsubmerged coil sections. The 
liquid-nitrogen level may be observed through an un- 
silvered opening in the Dewar and it may also be de- 
termined by means of a level-indicator float provided in 
the unit. 

(3) The liquid-hydrogen interchanger (V2) contains 
three copper coil interchangers. One is immersed in 
liquid hydrogen, and the remaining two are cooled by 
cold effluent hydrogen gas during normal operation. 
Two manifolds are provided for gas which enters and 
leaves the top coil interchanger. The liquid-hydrogen 
level may be observed through a similar unsilvered 
opening in the Dewar provided for the product liquid. 


(g) Vacuum Pumps 

(1) Purifier Reactivation Vacuum Pump: A Kinney, 
27 cfm, rotary-type, water-jacketed high-vacuum pump 
is used primarily to remove all adsorbed gases from 
either of the adsorption purifiers during regeneration. 
In addition, this pump is used to evacuate the liquid 
hydrogen receiver and the shell side of the liquefier 
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FIG. 9 GENERAL PLAN OF CRYOSTAT ASSEMBLY 


hydrogen interchanger (V2) during flushing procedures. 

(2) Purifier Vacuum Pump: A Welch, duo-seal, 
rotary-vane-type vacuum pump is used to evacuate the 
jackets of the adsorption purifiers (R; and Re) simul- 
taneously for insulation purposes. 

(3) Cryostat Vacuum Pump: Another Welch, duo- 
seal, rotary-vane-type vacuum pump is used to evacu- 
ate and seal the horizontal passageway between the 
nitrogen and hydrogen sides (V; and Vo, respectively) 
of the cryostat. 

(4) Liquid Nitrogen Precooler Interchanger Vacuum 
Pump: An Ingersoll-Rand, 250 cfm, piston displace- 
ment, double-acting, single-stage vacuum pump is used 
to maintain a vacuum of about 25 in. of mercury in the 
liquid-nitrogen precooler (V,). This is done to lower the 
boiling point of the liquid nitrogen to about 64.7 K. 
which is just above its freezing point. 

(h) Heater Equipment 

(1) Dryer Reactivation Hydrogen Heater: Removal 
of occasional plugs of frozen impurities in the lines and 
valves of the system can be accelerated by use of hot 
hydrogen gas. <A 2-kilowatt, Chromolox, explosion- 
proof heater is provided from regeneration of the two 
dryer sets and to warm parts of the system for the pur- 
pose of removing frozen impurities. A temperature 
control is set to maintain an outlet hydrogen tempera- 
ture of about 350 F, and a limit switch is set to cut the 
heater off at 400 F. 

(2) Purifier Reactivation Compressed Air Heater: 
A similar Chromolox heater is used in the regeneration 
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oi the adsorption purifiers. Air at approximately 15 
psig is heated to approximately 300 F. This heated air 
may also be used to remove plugs which may form in 
the valves or tubing of the purifier valve chambers. 
(i) Liquid Hydrogen Receivers 

Three 50-liter and three 25-liter vacuum Dewars are 
used as receivers for the liquid hydrogen during test 
operation. In addition, a container having no insula- 
tion is used for test operation; the liquid hydrogen is 
thus evaporated immediately upon its transfer from the 
liquifier side of the cryostat (V2). The design of large- 
capacity receivers for 100 and 250 lb of liquid hydrogen 
is described in the Section on storage and handling. 


(j) Liquid Nitrogen Supply and Storage 

The liquid nitrogen required for operation of the 
hydrogen liquefaction plant is stored in a 250-gallon 
Dewar which has a working pressure of 50 psig. A 
double-wall insulated line delivers the liquid to the 
various hydrogen liquefier units. 


(k) Control Panel (Fig. 10) 


The liquefying process is controlled primarily from 
a '/,-in. steel panel, 8 feet high and 28 ft. long. On this 
panel is constructed a color-coded system flow diagram 
from which the use of each valve, gage, and unit can 
easily be understood. The panel not only supplies a 
systematic means of operating the liquefier equipment, 
but also provides a safety shield for the protection of 
operating personnel. Safety observation windows are 
provided through which both the liquid hydrogen and 
nitrogen levels in the cryostat may be seen. 


(1) Test Equipment 

(1) Beckman Oxygen Analyzer: The quantity of 
oxygen present as an impurity in the make-up hydrogen 
gas is continuously detected and recorded by a Beckman 
oxygen analyzer. The operation of the analyzer de- 
pends on the fact that oxygen is strongly paramagnetic, 
whereas the other common gases are, with few excep- 
tions, slightly diamagnetic. 
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(2) Alnor Dew Pointer: (a) In the regeneration of 
the dryer sets, it is desirable to know when the moisture 
has been removed from the unit, so that it may be 
placed back in service when needed. To ascertain the 
completeness of removal, a dew-point analysis is made 
several times during the regenerative process by means 


of an Alnor Dew Pointer. The gas to be tested is fed 
to the instrument at a low pressure somewhat above 
atmospheric. The chamber is then rapidly exhausted to 
the atmosphere, with the resultant expansion and cool- 
ing of the gas. Several gas samples are taken and ex- 
panded from various initial pressures to determine the 
pressure at which fog begins to form. The expansion is 
adiabatic since it is accomplished almost instantane- 
ously. This dew-point figure is then compared with the 
dew-point determined from a sample taken before the 
gas enters the dryer to determine its state of regenera- 
tion. 


4 Operation Record 


(a) The plant as originally designed had a produc- 
tion capacity of 4.7 lb (30 liters) per hr and was so 
operated from September 1948 to March 1949. Be- 
cause of the increase in propellant requirements result- 
ing from the engine specification change, the plant 
equipment was revised to increase the capacity to ap- 
proximately 12 lb (76 liters) per hr, and it was operated 
on a three-shift basis at this capacity from March to 
June 1949. 

(b) From September 1948 to June 1949 the gross 
plant production was 7400 lb (47,000 liters) of liquid 
hydrogen, with about 5300 Ib (33,700 liters) being pro- 
duced in the last four months of this period. 


Proposep LARGER SCALE DESIGN 


For the purpose of a preliminary cycle analysis, a 
capacity of about 3000 Ib per day was selected for use in 
the design. This scale was selected as being the prob- 
able lower capacity limit desirable for use in the de- 
velopment of a prototype plant on the basis of the size 
of the turbo-expander. 


315 


4 
d 
: 


HELIUM SYSTEM MAKEUP 


297° K, 
N NOEN 
OVAL ADSORPTION DUAL CATALYTIC GASEOUS HYOROGEN 
DRYERS Op REMOVAL UNITS STREAM TO PLANT 
MED. PRESS. Hy 
Low PRESS. Hy 
tharos. 
MIN. 
ATMOSPHERE 
ROOERPANDER 
3s 


J H, TO PROCESS 
CAPACITY: 27880 LBS/DAY OF My 
HEAT 
PORATOR- 


co EN 


FIG. 11 PROPOSED CYCLE FOR LARGE SCALE LIQUEFIER 


FIG. 12 EQUIPMENT LAYOUT—LARGE-SCALE HYDROGEN LIQUEFACTION PLANT 


The proposed cycle for the large-capacity prototype expanders are used at steadily decreasing temperature 
plant is shown diagrammatically in Fig. 11. A closed levels in the refrigeration system. Helium has been 
refrigeration system operating at a maximum pressure selected as the refrigerant on the basis of low required 
of 16 atm (235 psia) is used to condense the gaseous system pressures, inertness, and low initial cost. Most 
hydrogen at nearly atmospheric pressure. Three turbo- of these proposed plant features have been mentioned in 
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FIG. 15 TEMPERATURE EFFECT ON TENSILE PROPERTIES 


the literature. References 1 to 5* are some sources of 
background on the use of work extraction for the cool- 
ing and liquefaction of gases. 

In this cycle, the raw gaseous hydrogen is purified of 
oxygen content by dual catalytic means and any ex- 
cessive water vapor content is removed by adsorption 
purifiers. Final hydrogen purification is accomplished 
by means of filters for the removal of all other contami- 
nation in the solid phase. Dual units are used for alter- 
nate regeneration. 

A possible arrangement of the plant is shown in Fig. 
12. Control panels for this plant are shown in Fig. 13. 
A graphic arrangement of the cycle controls is proposed 
to facilitate both operation and training. All important 
features of operation are recorded. For the 120-lb/ 
hr (2880-lb/day) plant capacity, the power requirement 
will be approximately 1600 hp. 

A preliminary design of a helium turbo-expander is 
shown in Fig. 14. Design operating speeds in excess of 
60,000 rpm are believed practical with the “pneumo- 
static” bearing design illustrated. This type of bearing 
has proved satisfactory in principle by tests on “hydro- 
static’ designs now in use. The total plant turbo-ex- 
pander horsepower is less than 10 per cent of the helium 
compressor horsepower so that this power probably will 
be dissipated by some convenient means such as a water 
brake or an electric generator. 

The advantages of the proposed prototype cycle may 
be summarized as follows: 

(1) No auxiliary precoolants or precoolant produc- 
tion apparatus are needed. (2) Dependability of basic 
system assured by the use of the closed-cycle refrigerant 
system. (Refrigerant gas purification necessary only 
on the makeup gas.) (3) High efficiency, lightweight 


5 References are listed at end of the paper, page 338. 
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FIG. 16 PERCENTAGE CHANGE OF PHYSICAL PROPERTIES OF MONEL 
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turbo-expanders used instead of expansion engines. 
(4) Liquid-solid phase separation used for purification 
of condensed gas. (5) Low system pressures: Maxi- 
mum pressure helium in system, 235 psia; maximum 
pressure hydrogen in system, 20 psia. (6) Basic cycle is 
readily scalable to any desired production rate. (7) 
Basic cycle can be used to liquefy gas. 


III Storage and Handling 


Liquip HyprRoGEN STORAGE-VESSEL DESIGN 
1 Materials for Construction 


Preferred materials for liquefied-gas storage vessels 
are the austenitic 18-8 stainless steels, Inconel, Monel, 
nickel, and low-carbon, high-nickel steels. Fig. 15 
gives the temperature effect on tensile properties of the 
stainless materials. The effect of temperature on the 
properties of Monel are shown in Fig. 16. The effect of 
the nickel content on the low-temperature embrittle- 
ment of low-carbon steels is shown in Fig. 17. 


2 Insulation 
(a) Work performed at Ohio State University on 
thermal conductivity through an evacuated space, 
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FIG. 18 COMPARISON OF VARIOUS INSULATORS IN HIGH VACUUM 


with and without various insulating materials, has 
shown that the use of powdery insulators such as Santo- 
cel, cork, and charcoal is more efficient than the vacuum 
alone. Fig. 18 shows the effect of the introduction of 
various insulators on heat transfer through a highly 
evacuated space. Fig. 19 shows heat flow vs. pressure, 
and it is seen that the insulated space should be evacua- 
ted to 100 microns or below to retain reasonably good 
insulation. 

(b) Introduction of a radiation shield in the form of 
a liquid-nitrogen jacket or a liquid-nitrogen cooled 
metal shield will reduce the heat flow through the 
jacket to about 1/30 of the unshielded value. For long- 
term storage at small-capacity liquefaction plants, the 
radiation shield is considered essential. 

3 Specific Designs Utilized 

(a) High Pressure: (1) A high-pressure storage 
vessel of 100-lb (25 cu ft) storage capacity was designed 
and built for dual use, both as a plant storage and ac- 
cumulation vessel, and for use with pressures up to 1000 
psi in motor and pump testing for engines up to 3000-lb 
thrust scale. The tank was arranged for forked-lift 
truck transport to the rocket test bays, so that the 
liquid-hydrogen transfer with its attendant losses would 
not be necessary. This tank is shown in Fig. 20. Two 
of these units were built for alternate services in the 
plant and test bays. 

(2) The tank is composed of an inner pressure 
vessel having an 0.375-in. wall of heat-treated K Monel, 
surrounded by a Monel vacuum jacket filled with Santo- 
cel insulation. Surrounding this is a Monel vacuum- 
jacketed vessel which is filled with liquid nitrogen to 
precool the inner tank and reduce its thermal differen- 
tial. 
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FIG. 20 HIGH-PRESSURE LIQUID HYDROGEN RECEIVER 
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FIG. 21 MEDIUM-PRESSURE LIQUID HYDROGEN RECEIVER 


(b) Medium Pressure: A medium pressure stor- 
age vessel of 250-lb (60 cu ft) storage capacity was de- 
signed for dual use, both as a storage and accumulation 
vessel and for use to 100 psi in pump and pumped 
rocket-engine testing. This unit (Fig. 21) is designed 
with a single vacuum jacket and a nitrogen-cooled 
radiation shield which is regeneratively cooled by the 
boil-off of hydrogen gas in storage. 

(c) Small Capacity: Dewars for storage of small 
quantities of liquid hydrogen (the standard Purox and 
Hoffman Dewars are suitable) are made of all-metal 
construction and are available in sizes ranging from 15 
to 100 liters. 

4 Storage-Loss Analyses 

(a) Hydrogen exists in two recognized forms, ortho 
and para, which differ in the manner in which the spins 
of the atoms are coupled in forming the molecule. The 
para form of spin coupling is associated only with even 
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FIG. 22 EQUILIBRIUM ORTHO HYDROGEN AND CONCENTRATION 
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rotational energy states of hydrogen, and the ortho form 
only with odd rotational energy states. The equilib- 
rium ortho-hydrogen concentration is plotted as a func- 
tion of temperature in Fig. 22. Under equilibrium con- 
ditions, hydrogen exists at room temperature as 75 per 
cent ortho and 25 per cent para. However, under 
equilibrium conditions at the boiling point of liquid 
hydrogen (20.3 K), the hydrogen is 99.7 per cent para 
and only 0.3 per cent ortho. Therefore, when hydrogen 
gas at room temperature is converted to liquid at 20.3 
K, there is a tendency for 75 per cent of its molecules to 
undergo conversion to the para form. This conversion 
reaction is exothermic to the extent of 337.2 calories per 
mole converted, which may be compared with 215.9 
calories per mole for the molal heat of vaporization. 
The ratio of these two values is 1.562; hence, 1.562 Ib 
of hydrogen will be evaporated for each pound of ortho 
hydrogen that converts to the para form in the liquid 
state. This process accounts for the evaporation loss 
that oceurs in storage of liquid hydrogen under atmos- 
pheric pressure, despite ideal conditions with respect to 
heat-leakage. 

(b) Analysis of the hydrogen losses in a 100-lb 
capacity storage vessel similar to the design shown by 
Fig. 20, has been made by Dr. H. L. Johnston (Ref- 
erence 7). The results of the analysis are plotted as 
Fig. 23. Based on the assumptions made, it would 
theoretically be possible to fill a 750-liter storage con- 
tainer in about 38 bours of plant operation at 25 liters 
per hr, and 4900 liters would be accumulated in 400 
hours of operation. These figures do not include pre- 
cooling time requirements. If the ortho-para equilib- 
rium were changed from the normal 75 per cent ortho to 
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50 per cent ortho by conversion in the liquefier prior to 
storage, the 750 liters could be accumulated in 34 hours 
and 6600 liters would accumulate in 400 hours of opera- 
tion. Consequently, it is seen that the ortho-para con- 
version at the liquefier assumed above improves the 
storage characteristics of hydrogen by a considerable 
amount. An equilibrium of 50 per cent ortho could be 
attained by catalysis at the liquid nitrogen tempera- 
ture. 

(c) An analysis of the storage losses with surface 
catalysis assumed has also been made by Dr. H. L. 
Johnston (Reference 7). Rate units for the catalytic 
effect of various construction materials are reproduced 
from test data obtained at Ohio State University. The 
results of tests on cumulative evaporation loss resulting 
from surface catalysts are plotted as Fig. 24. For com- 
parison, the accumulative volume at 400 hour (75 per 
cent ortho composition) for a stainless tank would be 
4840 liters as compared to 4874 liters for noncatalyzed 
storage; the difference is small; therefore, the use of 
stainless steel or Monel in tank construction would ap- 
pear to be optional. The most catalytic material listed 
ix iron oxide which is roughly 4 times as active as stain- 
less steel. 

5 Design Criteria Summary 


(a) The major factors to be considered in the storage 
of liquid hydrogen may be summarized as follows: 


(1) Preferred materials for liquefied-gas storage 
vessels are the austenitic 18-8 stainless steels, Monel, 
Inconel, nickel, and the low-carbon, high-nickel steels. 

(2) The use of powdery insulators such as Santocel, 
cork, and charcoal in an evacuated space is better than 
vacuum alone. The vacuum jacket pressure should be 
kept below about 100 microns for most efficient opera- 
tion. 
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CATALYZED REACTION ON STAINLESS STEEL (LITERS OF LIQuiD) 


° 500 1000 1500 2000 
TIME (HOURS) 


FIG. 24 CATALYZED EVAPORATION OF LIQUID HYDROGEN DUE TO 
SURFACE REACTION IN A STAINLESS STEEL STORAGE VESSEL 


(3) Introduction of a radiation shield in the form 
of a liquid-nitrogen jacket or a liquid-nitrogen-cooled 
shield will also reduce the heat flow through the jacket 
considerably. 

(4) An additional means of storing liquefied gases 
for long periods is to provide refrigeration equal to the 
heat influx (and any internal heat generation). 


B HANDLING AND SAFETY PRECAUTIONS 


1 Liquid Hydrogen 


(a) On the whole, liquid hydrogen is less hazardous 
than high-pressure gaseous hydrogen, and it may, in 
fact, be regarded as a highly volatile gasoline. The 
primary precaution to be taken is prevention or air 
leakage into containers filled with liquid hydrogen. 
The air will freeze and either coat on the cold wall 
above the liquid hydrogen or sink to the bottom of the 
container. The solid air and liquid-hydrogen combina- 
tion will not explode spontaneously; it requires a flame 
or spark. It should be mentioned however, that a pos- 
sible source of such a spark is the breaking of a crystal of 
solid air or oxygen. 

(b) Under normal circumstances, there is not much 
danger of an explosion (in the gaseous phase) because of 
the evaporation of liquid hydrogen in well-insulated 
containers. The hydrogen can evaporate only as fast 
as it receives heat from the outside or from its own 
ortho-para conversion. The vaporization rate will 
usually be rather low, and no hazard is normally present 
if good ventilation is provided. Asa precaution against 
air entry, the vapors should be passed through a relief 
valve or mercury trap or provision should be made for 
the effluent vapors to re-enter the low pressure side of 
the liquefaction cycle. 

(c) In storing liquid hydrogen, proper precautions 
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should be taken to see that the hydrogen vapor is vented 
off to prevent a tank pressure build-up in a safe manner 
so as not to create an atmospheric explosion hazard or 
allowing air entry into the vessel. In the event a stor- 
age vessel is damaged in use so that its contents are 
spilled, there is not apt to be an explosion unless a flame 
or spark is present. The hydrogen should be permitted 
to evaporate undisturbed, since it will evaporate very 
rapidly and will rise quickly. If it ignites, it will burn 
itself out and can be partially controlled with a carbon- 
dioxide fire extinguisher. However, the CO. may be 
converted to CO by reaction with the heated hydrogen. 
Therefore, consideration should be given to the possible 
toxic atmosphere which could result. 

(d) Ina high-pressure system, there is some danger 
of the Dewar bursting if the Joule-Thomson valve is 
accidentally opened too quickly. This possibility may 
be eliminated by providing safety valves or bursting 
disks, which are set well below the burst pressure of the 
Dewar. 

(e) Inrocket piping systems, the high velocities used 
result in a high tolerance to heat influx because of the 
large mass-flow rates. The rate of bulk temperature 
rise in the fluid for various rates of flow has been com- 
puted and is shown in Fig. 25. It is assumed that the 
surface of this insulation has been sealed air-tight to 
prevent condensation of air in the jacket. 


2 Gaseous Hydrogen 


(a) The hazards in handling high-pressure hydrogen 
gas should not be lightly regarded. The explosive limits 
of hydrogen-air-mixtures are from about 5 per cent to 
90 per cent hydrogen in air. 

(b) One of the best precautions against explosions in 
an enclosed plant area is to provide a ventilating system 
which can handle the full flow of hydrogen in the system 
without permitting the lower explosive limit to be ex- 
ceeded. However, even with this system, careful atten- 
tion should be given to the elimination of any oppor- 
tunity for the existence of local concentrations in excess 
of the lower explosive limit. One point in favor of hy- 
drogen, from a hazard standpoint, is the fact that the 
gas rises very quickly and escapes from the area in 
which it is released. Ventilating hoods or vents and 
exhaust fans should be provided, however, at all places 
where possible failures of high pressure lines or unit 
containing gas could occur. Pressure tests should be 
very carefully made on all equipment before hydrogen is 
admitted into the system. 

(c) In general, there are three definite steps which 
should be taken to provide for adequate protection 
against explosion: (1) Careful pressure and leak testing 
of all lines and equipment. (2) Provision of adequate 
ventilation. (3) Elimination of the likelihood of a 
flame or spark occurring in the hydrogen area. An 
accident can occur only if (1), (2), and (3) are neglected 
simultaneously. 

(d) In regard to step (1) great care should be exer- 
cised in selecting piping, tubing, cryostat materials, 
etc., that will carry high-pressure hydrogen. A low- 
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melting silver solder is recommended for high-pressure 
use, but the excessive heating of the metal to be joined 
should be carefully avoided. Monel and copper both 
have good impact properties down to liquid-hydrogen 
temperatures, and stainless steel is also satisfactory but 
somewhat more irregular. Impact characteristics of 
various materials at low temperatures are shown in 
Figs. 15, 16, and 17. 

(e) In addition to providing adequate ventilation 
and circulation, a combustible alarm system, such as 
that made by the Mines Safety Appliance Company, 
should be arranged to analyze gas samples from all 
critical locations in the plant area. An alarm would 
then be sounded when the concentration of hydrogen at 
any station exceeded some value well below the lower 
explosive limit. This unit is also valuable in locating 
any leaks which might occur. : 

(f) To reduce the likelihood of a spark or flame 
occurring, the following recommendations should be 
observed in addition to the obvious precautions of not 
permitting open flames, smoking, etc. in the area: (1) 
All electrical wiring and machinery within the plant 
should be of the Class I, Group B type of construction 
in accordance with the Explosive Atmosphere Classifica- 
tion of the National Electrical Code. (2) All tools used 
within the immediate area while the plant is in operation 
should be of the spark-resistant, beryllium-copper type. 
(3) All belt-driven machinery should be equipped with 
spark-resistant belts. (4) All apparatus that carries 
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Experimental Performance of WFNA-JP-3 Rocket Motors at 
Different Combustion Pressures 


M. J. ZUCROW? and C. M. BEIGHLEY® 


Purdue University, Lafayette, Ind. 


The performance and heat transfer rates for 500-lb 
thrust, L* = 100 in., rocket motors were determined ex- 
perimentally as a function of mixture ratio at 300, 500, 
and 700-psia combustion pressures. In all cases the propel- 
lants used were white fuming nitric acid (WFNA) and jet 
engine fuel (JP-3). The maximum values of specific im- 
pulse were obtained at a mixture ratio of 4.5 and the values 
were 222, 235, and 246 for 300, 500, and 700-psia com- 
bustion pressure, respectively. Raising the combustion 
pressure from 300 psia to 700 psia increased the over-all 
heat transfer for the thrust cylinder from 1.3 to 2.3 Btu 
per sq in. per sec and that for the nozzle from 2.8 to 6.0 
Btu per sq in. per sec. 


Introduction 


N RECENT years considerable effort has been ex- 
pended upon the development of rocket engines 
using white fuming nitric acid (WFNA) and jet engine 
fuel (JP-3) as the propellants. These propellants oc- 
cupy an important place in rocket engine development 
because they can be made available in large quantities 
in the event of an emergency, and give adequate per- 
formance values for several types of application (1).4 
Thermochemical calculations indicated that the 
specific impulse values for WFNA-JP-3 should not 
differ significantly from those for WFNA-aniline or 
WFNA-furfuryl alcohol mixed with aniline when these 
propellants are reacted at the same combustion pressure 
(2). Most of the experimental data for the WFNA- 
JP-3 propellants, reported in the unclassified literature, 
were obtained at combustion pressures close to 300 
psia and confirm the conclusions based on thermo- 
chemical calculations.® 
Currently the majority of liquid bipropellant rocket 
engines are designed for operation at combustion pres- 
sures around 300 psia. It has been known for some 
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time that increases in specific impulse should be ob- 
tainable by raising the combustion pressure. Fig. 1 
presents calculated values of specific impulse as a func- 
tion of combustion pressure for three different mixture 
ratios (oxidizer/fuel) for WF NA reacted with octane (4); 
the latter reaction is assumed to be representative of that 
for WFNA and JP-3. Fig. 2 presents calculated values 
of the ideal thrust coefficient C, and the characteristic 
velocity C* as functions of combustion pressure for the 
same propellants reacted at a mixture ratio (O/F) of 
4.8. The results presented in Figs. 1 and 2 are based 
on frozen equilibrium. It is apparent from Figs. 1 and 
2 that high combustion pressures offer the potentiality 
of achieving significant increases in performance from 
the WFNA-JP-3 propellants. There are, of course, 
numerous technical problems which must be solved be- 
fore operation at the higher combustion pressures can 
be realized in a practical rocket engine (4), a major one 
being the adequate cooling of the thrust chamber and 
nozzle. To obtain an indication of the magnitude of 
the cooling problem to be expected at high combustion 
pressures, estimates of the heat transfer rates to the 


323 


| 
= 
: 


ES 


CALCULATED THRUST COEFFICIENT 


sok 


FT/SEC 


6 10 2 28 
COMBUSTION PRESSURE Po 10° PSIA 


CALCULATED CHARACTERISTIC VELOC! 


FIG. 2. VARIATION OF THEORETICAL C* AND Cr WITH COMBUSTION 
PRESSURE FOR O/F EMPLOYING OCTANE OXIDIZED BY WFNA 


thrust chamber and nozzle were made (3). The cal- 
culated results, which are approximations at best, are 
presented in Fig. 3. The set of curves labeled Humble, 
is based on the heat transfer coefficients presented in (5), 
and the curves, labeled McAdams, are based on (6). 
The estimates of heat transfer indicated that regenera- 
tive cooling of a stainless steel thrust chamber should 
be feasible for combustion pressures up to at least 1500 
psia, and that regenerative cooling of a stainless steel 
nozzle would probably become marginal at combustion 
pressures of the order of 700 to 1000 psia. 

Accordingly a research program, which is still in prog- 
ress, was initiated at Purdue University to obtain ex- 
perimental data concerning the obtainable specific im- 
pulses, the heat transfer rates, and general operating 
characteristics of geometrically similar rocket motors 
operating at high combustion pressures. The research 
program was originally sponsored by the Office of Naval 
Research and the Office of Air Research (Contract 
N6ori-104, Task Order 1, Project SQUID, Phase 7) and 
is now sponsored by the Office of Naval Research (Con- 
tract N7onr39418). 

The present paper discusses the results for the experi- 
ments conducted at 300, 500, and 700 psia with three 
similar water-cooled rocket motors, each designed to 
produce 500 Ib thrust, and each having an L* = 100 in. 
All of the experiments were conducted with WFNA and 
JP-3 as the propellants. 


2 Description of the Experimental Rocket 
Motors 


The general design features of all of the experimental 
rocket motors are illustrated by Fig. 4 which is a longitu- 
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dinal cross section through the rocket motor employed 
in the experiments at 500 psia. In all cases the com- 
bustion chamber (thrust cylinder) was constructed 
from AISI Type 347 stainless steel. For the rocket 
motors employed for the experiments at 300-psia and 
500-psia combustion pressures, the exhaust nozzle ma- 
terial was AISI Type 347 stainless steel. The rocket 
motor nozzle employed for the experiments at 700-psia 
combustion pressure was made from electrolytic copper; 
stainless steel nozzles were tested, but in all cases the 
throats became eroded when they were operated with 
mixture ratio close to the stoichiometric values. 

In all cases the thrust chamber and the exhaust noz- 
zle were water-cooled, each having its own cooling 
water circuit so that the over-all heat transfer rates for 
the thrust chamber and nozzle could be measured con- 
veniently. 

The coolant passages around the thrust chamber and 
nozzle were formed, by silver-soldering a stainless steel 
wire, wound helical fashion, around the outer surfaces of 
those components. The average velocity of the coolant 
(water) through the thrust chamber cooling passages 
was approximately 30 fps. The helical cooling passage 
around the nozzle had a variable pitch which increased 
the coolant velocity from 30 fps at the thrust cylinder 
end to approximately 80 fps in the vicinity of the nozzle 
throat and then reduced it again to 30 fps at the nozzle 
exit section. In the case of the rocket motor for the 700- 
psia combustion pressure experiments, a copper nozzle 
with the same type of cooling system was employed (8). 

The rocket motors employed for the 500 and 700-psia 
experiments were equipped with 12-point triplet in- 
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jectors, and a water-cooled turbulence ring made from 
AISI Type 347 stainless steel was inserted between the 
injector face and the thrust cylinder. The same type 
of assembly was employed with the rocket motor em- 
ployed for the 300-psia combustion pressure experi- 
ments, but in that case a 6-point triplet injector was 
utilized. The relative locations of the impingement 
points of the propellant streams from the upstream face 
of the turbulence ring are indicated in Fig. 4. 


3 Preliminary Experiments to Establish 
Injection System 


Since the complete research program was planned to 
conduct the experiments at 300, 500, 700, 1000, and 
1500-psia combustion pressures, with the thrust and L* 
held constant, it was important to employ an injection 
system which would exert a minimum influence upon 
the results, and which, within practical limits, would be 
geometrically similar for all of the experimental rocket 
motors. Moreover, it was deemed essential that the 
minimum performance obtained at each combustion 
pressure should not be less than 95 per cent of the the- 
oretical performance, based on frozen equilibrium (see 
Figs. 1 and 2). 


Because of the afore-mentioned requirements it was 
necessary to undertake some preliminary experiments, 
described later, for establishing a satisfactory injector 
configuration. The preliminary experiments conducted 
at 500-psia combustion pressure will be discussed. 

A 6-point and a 12-point triplet injector were investi- 
gated with and without a turbulence ring.6 In all 
cases the incorporation of a turbulence ring gave per- 
formance values in the range specified above. The 
authors are aware, however, that comparable perform- 
ances are possible with other types of injection systems. 

The objectives of the first or preliminary firing tests 
conducted at 500-psia combustion pressure were to 
establish the injection configuration to be employed for 
the main performance studies at that combustion pres- 
sure. In all of the experiments discussed in this paper, 
the ignition of the WFNA-JP-3 propellants was 
achieved by leading the flow of JP-3 with a small supply 
of either furfuryl alcohol or a furfuryl-aniline mixture. 
Table 1 presents some of the results obtained from the 


6 Acknowledgment is here given to R. B. Canright, Jet Pro- 
pulsion Laboratory, California Institute of Technology, for 
furnishing information on the design of a turbulence ring in- 
vestigated at JPL. 


TABLE 1 PERFORMANCE DATA AT 500-PSIA COMBUSTION PRESSURE 


(Four methods of injection) (Propellants JP-3, WFNA) 


Run no. 95 

Injector no. 500-2: 1-6 
Combustion pressure, psia 495.7 
Thrust, lb 493.4 
Mixture ratio, O/F 5.04 
Specific impulse, sec 208 .9 
Characteristic velocity, ft/sec 4607 
Average heat transfer rates: 

Nozzle, B/sec-in.? 2.46 

Thrust cylinder, B/sec-in.? 1.23 


© TC denotes carbon turbulence ring was used. 
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987 99 100° 
500-2: 1-6TC 500-2: 1-12 500-2: 1-12TC 
532.9 536.7 525.5 
524 510.2 513.5 
4.05 4.88 5.10 
227.0 214.8 228 .4 
4856 4755 4760 
3.60 2.78 4.03 
2.19 ba 2.18 
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preliminary tests made at 500-psia combustion pressure. 


It is apparent from Table 1 that both the 6-point and 
12-point injectors gave larger values of specific impulse 
when employed in conjunction with a turbulence ring. 
The specific impulse values obtained with the turbu- 
lence ring did not differ materially from the calculated 
values for WFNA-JP-3 based on frozen equilibrium. 


Examination of the interior surfaces of the rocket 
motor after a run, employing a turbulence ring, showed 
that the walls of the thrust chamber and nozzle were 
covered with a thin, uniform layer of porous carbon. 
Measurements indicated that the thickness of the car- 
bon deposit varied from 0.020 in. to 0.027 in. At all 
combustion pressures it was found that if the turbulence 
ring was not employed, the carbon deposits were non- 
uniform and heavier, and formed in a definite pattern 
corresponding to the locations of the injector impinge- 
ment points. Visual examinations of the turbulence 
ring after a large number of firing runs of 40 to 90 sec 
duration showed in all cases that its upstream surfaces 
remained clean, shiny, and free of carbon, while the 
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downstream surfaces were usually covered with a thin, 
smooth deposit of carbon. It is inferred that a sub- 
stantial portion of the propellant mixture is in the 
liquid phase upstream to the turbulence ring. 


4 Performance Obtained at Different 
Combustion Pressures (7, 8) 


Fig. 5 presents the experimental values of the specific 
impulse /,,, the thrust coefficient C;, and the character- 
istic velocity C*, as a function of the mixture ratio 
(oxidizer/fuel by weight) for the WFNA-JP-3 propel- 
lants at 300-psia combustion pressure. The data were 
obtained with a 500-lb thrust, water-cooled rocket 
motor, having an L* = 100 in. The injection system 
comprised a 6-point triplet injector coacting with a 
water-cooled turbulence ring. 

Fig. 6 presents the values of specific impulse pre- 
sented in Fig. 5 corrected for the heat transferred to the 
coolant. It is seen that the corrected values of J,, are 
not significantly different from those computed upon 
the basis of frozen equilibrium. 
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(Thrust, 500 lb; Z*, 100 in.; injector, triplet type with 12 impinge- 
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Figs. 7 and 9 present the experimental values of /,,, 
C,, and C* for the 500 and 700-psia combustion pres- 
sures, respectively, plotted as a function of the mixture 
ratio. Figs. 8 and 10 present the corresponding values 
of J,, corrected for heat transfer; for comparison, the 
curve representing the theoretical values of J,, based on 
frozen equilibrium are indicated in Figs. 6, 8, and 10. 

Table 2 compares the maximum values of J/,,, ob- 
tained for the three different combustion pressures. 
It is seen that in all cases the values of J,, corrected for 
heat transfer are not significantly different from the cal- 
culated values based on frozen equilibrium. The last 
column in Table 2 presents the ratio of the maximum 
values of J,, obtained at 500 and 700-psia combustion 
pressures to that obtained at 300-psia combustion pres- 
sure. 


5 Heat Transfer to Thrust Cylinder and Nozzle 


The accurate measurement of the heat transfer from 
combustion gases to the metal walls of a rocket motor is 
difficult to accomplish with precision. This is partic- 
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TABLE 2 COMPARISON OF THE MAXIMUM VALUES OF SPECIFIC 
IMPULSE FOR WFNA AND JP-3 AT DIFFERENT COMBUSTION PRES- 
SURES 


(Obtained from the three different rocket motors each designed 
for 500-lb thrust and L* = 100 in.) 


Combus- Calculated 

tion ———Experimental values——— 
pressure O/F O/F O/F (Isp)/ 
(psia) (sec) ratio Is) ratio ratio (J sp)s00” 


500° 234 #4.5 230 4.5 235 4.5 1.058 
700° 0s «245 «1.108 


? 6-point triplet injector and turbulence ring. 

> 12-point triplet injector and turbulence ring. 

© Based on frozen equilibrium according to Ref. 2. 
4 Corrected for heat transferred to cooling water. 


ularly the case where the propellant combination 
tends to deposit carbon on the inner walls of the thrust 
cylinder and nozzle during a firing test. As is to be ex- 
pected, the carbon deposits influence the heat transfer 
to the cooling water. The effect of ‘“‘carboning-up”’ is 
illustrated in Fig. 11, which is a typical record of the 
temperature of the cooling water leaving the nozzle 
cooling jacket as a function of time; the particular 
curve applies to one of the experiments at 500 psia. 
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FIG. 11 NOZZLE COOLANT OUTLET TEMPERATURE. RUN NO. 99 


The experiments indicate that it takes several seconds 
of running time for the heat transfer to reach a quasi- 
steady-state condition. They also indicate that with a 
clean, uncarboned motor, the heat transfer rates may 
reach peak values that are approximately 1.3 to 1.5 
times as large as the reported quasi-steady-state values. 

The heat transfer values reported herein are based on 
temperature readings taken over a period of at least 20 
sec following the time when the cooling water tempera- 
tures reached substantially steady-state values. 

Figs. 12, 13, and 14 present the experimental values of 
over-all heat transfer, as a function of O/F ratio, for the 
thrust chamber and nozzle, for the 300-psia, 500-psia, 
and 700-psia experiments, respectively. The figures 
also present the over-all values of heat transfer for the 
complete rocket motor. 

The values of heat transfer computed by Ref. 3, sum- 
marized in Fig. 3, were for a 500-lb thrust rocket motor 
having a characteristic length L* = 100 in., burning 
WFNA-octane propellants. The aspect ratio for that 
rocket motor (length/diam) was two. The afore- 
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FIG. 12 HEAT TRANSFER VS. MIXTURE RATIO FOR WFNA-JP-3 AT 
300-PsIA CHAMBER PRESSURE 
(Thrust, 500 lb; LZ*, 100 in.; nozzle heat transfer area, 38.1 in.?; 


chamber heat transfer area, 113.5 in.?; injector, triplet type with 6 
impingement points used in conjunction with a turbulence ring.) 
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(Thrust, 500 lb; L*, 100 in.; nozzle heat transfer area, 29.75 in.?; 
chamber heat transfer area, 79.48 in.?; injector, triplet type with 
12 impingement points used in conjunction with a turbulence ring.) 
mentioned specifications are identical to those for the 
experimental rocket motors employed in these experi- 
ments. Consequently, a direct comparison of the 
calculated and experimentally determined heat trans- 
fer rates was possible. That comparison is presented 
in Table 3. 

Referring first to the measured values of heat trans- 
fer, it is seen that for the thrust cylinder the ratio of the 
heat transfer at 500 psia and 700 psia to that at 300 
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(Thrust, 500 lb; L*, 100 in.; nozzle heat transfer area, 25.22 in.? 
chamber heat transfer area, 63.73 in.?; injector, triplet type with 
12 impingement points used in conjunction with a turbulence ring.) 


psia is 1.69 and 1.77, respectively. The corresponding 
ratios of the combustion pressures are 1.67 and 2.33. 
respectively. For the nozzle, the corresponding heat 
transfer ratios are 1.43 and 2.14. The calculated 
values for the same heat transfer ratio are for the thrust 
cylinder 1.3 and 1.6 by the Humble equation, and 1.25 
and 1.5 by the McAdams equation. For the nozzle, 
the heat transfer ratios are 1.5 and 2.0 by the Mc- 
Adams equation. 

As pointed out earlier in this section, the quasi- 
steady-state measured values are less than the values 
obtained before any carbon is deposited on the metal 
walls of the thrust cylinder and nozzle. It is to be ex- 
pected, therefore, that the calculated values of heat 
transfer, which are based on clean metal surfaces, 
should be larger than the measured values. Also, in 
view of the assumptions which were required to make 
the theoretical calculations, one cannot expect more 
than approximate agreement between the calculated 
and measured values based on clean metal walls. Both 
the calculated and measured values indicate that the 
heat transfer increases at a somewhat slower rate than 
the combustion pressure. The comparison indicates 
that the calculated values of heat transfer will be of the 
right order of magnitude for clean metal walls if the re- 
sults obtained by Ref. 3 with the Humble equation are 
used for predicting the heat transfer for the thrust 
cylinder, and their results using the McAdams equation 
are employed for the over-all heat transfer in the nozzle. 


TABLE 3 COMPARISON OF MEASURED AND CALCULATED VALUES OF THE MAXIMUM HEAT TRANSFER RATES FOR WFNA AND JP-3 
(Obtained from three different rocket motors each designed for 500-lb thrust and L* = 100 in.) 


Heat transfer rates in BTU per sq in. per see 


Th 
ev 


Calculated values’ Combus- 
—Measured values*————— ———Thrust cylinder — —Nozzle— tion 

Combus- —Thrust cylinder—~ ——Nozzle——~ —Rocket motor— Humble eq McAdams eq McAdams eq __ pressure 
tion Ratio, Ratio, Ratio, Ratio, Ratio, Ratio, ratio 

pressure Gn de de UG Pe 

(psia) qn (gn qd (qo)300 qe qe (qe)s00 Qn (qn)300  (Pe)so0 
‘ 300° 1.3 1.00 2.8 1.00 les 1.00 1.6 1.00 2.2 1.00 4.0 1.00 1.00 
5 5007 2.2 1.69 4.0 1.43 2.6 1.53 2.2 1.38 1.4 1.27 6.0 1.50 1.67 
700? 2.3 6.0 2.14 3.5 2.06 2.7 1.69 1.55 8.0 2.00 2.33 


* Based on quasi-steady-state values after at least 20 sec of running. 
+ Taken from Ref. 3. 

© 6-point triplet injector and turbulence ring. 

4 12-point triplet injector and turbulence ring. 
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The above conclusions need additional experimental 
evidence before they can be regarded as being valid. 


6 Description of Apparatus 


The general arrangement of the test apparatus was 
quite conventional, so that it is unnecessary to present 
a detailed description of all of its components. 

Fig. 15 is a schematic drawing illustrating the flow 
control and pressurizing system. Nitrogen from com- 
mercial bottles was used as the pressurizing medium. 
The nitrogen supply was divided into two separate 
pressurizing lines; one for the oxidizer (WFNA) flow 
system and the other for the fuel (JP-3) flow system. 
The pressurizing system for each propellant tank in- 
corporated the same regulating devices: a dome pres- 
sure regulator followed by a solenoid valve. The pres- 
sures on the dome pressure regulators were adjusted 
from the control room by means of pressurizing-relief 
regulators. 

Oxidizer and fuel were supplied to the rocket motor 
from two similar tanks, each constructed from AISI 
Type 347 stainless steel and hydrostatically tested to 
(000 psi. Each tank has a capacity of 3.5 cu ft. All of 
the propellant lines are l-in. diam AISI Type 347 
stainless steel tubing, and all connections were made by 
means of flared tube fittings incorporating teflon gas- 
kets. Filters were installed between the shut-off 
valves and the flowmeters. From the filters the pro- 
pellants passed through the flowmeters and then to the 
rocket motor. 


7 General Test Procedure 


The diameter of the nozzle throat was measured at 
(0, 45, 90, and 135 deg before and after each run, and the 


average of the measurements was employed in comput- 
ing its cross-sectional area. The average difference in 
the throat area, determined in the afore-mentioned 
manner, before and after any run was 0.4 per cent ap- 
proximately. 

The thrust of the rocket motor was measured by two 
independent methods; electrically with a reluctance- 
type thrust ring, and mechanically with an air-loaded 
diaphragm-type device; the two instruments were con- 
nected in series through a lever arm arrangement. The 
electrical output from the thrust ring was recorded on 
an automatic balancing, recording potentiometer, and 
the pressure output from the air-loaded diaphragm- 
type unit was recorded on a strip chart pressure re- 
corder. The electrical readings were used in the cal- 
culations (7). 

The combustion pressure was measured with a re- 
luctance-type pressure transducer and recorded simul- 
taneously on a single-point automatic-balancing poten- 
tiometer, and an oscillograph; it was also indicated by 
a milliameter on the control panel. The fuel and oxi- 
dizer injector pressures were measured, recorded, and 
indicated in a similar manner. Occasionally the pro- 
pellant tank pressures were measured in a similar man- 
ner to determine the pressure drop in the propellant 
lines. 

Four different methods were originally employed for 
measuring the fuel and oxidizer flow rates, the ob- 
jective being to obtain information over a period of 
time for judging the accuracy and reliability of the dif- 
ferent methods. Two of the methods gave readings of 
instantaneous flow rate, or its equivalent, and the other 
two furnished values of the average flow rate during a 
firing test. The instantaneous flow rates were meas- 
ured (a) by means of sharp-edged orifices in conjunction 
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calculated and experimentally determined heat trans- that the calculated values of heat transfer will be of the 
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Referring first to the measured values of heat trans- used for predicting the heat transfer for the thrust 
fer, it is seen that for the thrust cylinder the ratio of the cylinder, and their results using the McAdams equation 
heat transfer at 500 psia and 700 psia to that at 300 are employed for the over-all heat transfer in the nozzle. 
TABLE 3 COMPARISON OF MEASURED AND CALCULATED VALUES OF THE MAXIMUM HEAT TRANSFER RATES FOR WFNA AND JP-3 
(Obtained from three different rocket motors each designed for 500-lb thrust and L* = 100 in.) 
Heat transfer rates in BTU per sq in. per sec 
Calculated Combus- 
Measured ———Thrust cylinder —Nozzle— tion 
Combus- —Thrust cy linder— Nozzle——~ —Rocketmotor~ Humble eq McAdams eq McAdams eq __ pressure 
tion Ratio, Ratio, Ratio, Ratio, Ratio, Ratio, ratio 
pressure Ie Ye Pe 
(psia) Ge (Ge)aca (qn )s0c qo (qo)300 qe (qe)s00 qe (qn)s00  (De)s00 
300° 1.3 1.00 2.8 1.00 1.7 1.00 1.6 1.00 el 1.00 4.0 1.00 1.00 
2 5007 2.2 1.69 4.0 1.43 2.6 1.53 2.2 1.38 1.4 1.27 6.0 1.50 1.67 
7004 2.3 ef 6.0 2.14 3.5 2.06 2.7 1.69 Beg 1.55 8.0 2.00 2.33 
* Based on quasi-steady-state values after at least 20 sec of running. 
> Taken from Ref. 3. 
© 6-point triplet injector and turbulence ring. 
4 12-point triplet injector and turbulence ring. 
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The above conclusions need additional experimental 
evidence before they can be regarded as being valid. 


6 Description of Apparatus 


The general arrangement of the test apparatus was 
quite conventional, so that it is unnecessary to present 
a detailed description of all of its components. 

Fig. 15 is a schematic drawing illustrating the flow 
control and pressurizing system. Nitrogen from com- 
mercial bottles was used as the pressurizing medium. 
The nitrogen supply was divided into two separate 
pressurizing lines; one for the oxidizer (WFNA) flow 
system and the other for the fuel (JP-3) flow system. 
The pressurizing system for each propellant tank in- 
corporated the same regulating devices: a dome pres- 
sure regulator followed by a solenoid valve. The pres- 
sures on the dome pressure regulators were adjusted 
from the control room by means of pressurizing-relief 
regulators. 

Oxidizer and fuel were supplied to the rocket motor 
from two similar tanks, each constructed from AISI 
Type 347 stainless steel and hydrostatically tested to 
6000 psi. Each tank has a capacity of 3.5 cu ft. All of 
the propellant lines are l-in. diam AISI Type 347 
stainless steel tubing, and all connections were made by 
means of flared tube fittings incorporating teflon gas- 
kets. Filters were installed between the shut-off 
valves and the flowmeters. From the filters the pro- 
pellants passed through the flowmeters and then to the 
rocket motor. 


7 General Test Procedure 


The diameter of the nozzle throat was measured at 
(0), 45, 90, and 135 deg before and after each run, and the 


average of the measurements was employed in comput- 
ing its cross-sectional area. The average difference in 
the throat area, determined in the afore-mentioned 
manner, before and after any run was 0.4 per cent ap- 
proximately. 

The thrust of the rocket motor was measured by two 
independent methods; electrically with a reluctance- 
type thrust ring, and mechanically with an air-loaded 
diaphragm-type device; the two instruments were con- 
nected in series through a lever arm arrangement. The 
electrical output from the thrust ring was recorded on 
an automatic balancing, recording potentiometer, and 
the pressure output from the air-loaded diaphragm- 
type unit was recorded on a strip chart pressure re- 
corder. The electrical readings were used in the cal- 
culations (7). 

The combustion pressure was measured with a re- 
luctance-type pressure transducer and recorded simul- 
taneously on a single-point automatic-balancing poten- 
tiometer, and an oscillograph; it was also indicated by 
a milliameter on the control panel. The fuel and oxi- 
dizer injector pressures were measured, recorded, and 
indicated in a similar manner. Occasionally the pro- 
pellant tank pressures were measured in a similar man- 
ner to determine the pressure drop in the propellant 
lines. 

Four different methods were originally employed for 
measuring the fuel and oxidizer flow rates, the ob- 
jective being to obtain information over a period of 
time for judging the accuracy and reliability of the dif- 
ferent methods. Two of the methods gave readings of 
instantaneous flow rate, or its equivalent, and the other 
two furnished values of the average flow rate during a 
firing test. The instantaneous flow rates were meas- 
ured (a) by means of sharp-edged orifices in conjunction 
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with a reluctance-type differential pressure transducer, 
and (b) by a rotometer equipped with a pressure trans- 
mitter. The electrical output from each transducer 
was recorded by an electronic automatic-balancing 
potentiometer and by an oscillograph. The output 
pressure from the rotometer was recorded on a pressure 
recorder and indicated on a mercury manometer. The 
most consistent readings were obtained from the sharp- 
edged orifices, and those readings were used in the cal- 
culations. 

The total weight of each propellant consumed during 
a run was measured by a propellant-tank weighing 
system comprising a reluctance-type force ring trans- 
ducer for measuring the tank weight. The electrical 
output of the transducer was indicated on an auto- 
matic-balancing potentiometer. In addition, the total 
weight of a propellant consumed during a run was cal- 
culated from the difference in liquid levels indicated by 
a sight glass attached to the propellant tank. 

The specific gravities of the propellants were meas- 
ured with a hydrometer and could be estimated to the 
fourth significant figure; the specific gravity measure- 
ments were taken before and after each run and the 
average of the two readings was employed in the cal- 
culations. 

The flow rates of the cooling water to the thrust cyl- 
inder and to the nozzle cooling jackets were measured 
with sharp-edged orifice plates, the differential pressures 
being indicated on differential pressure gages. The ori- 
fice meters were calibrated at frequent intervals during 
the investigation, and the calibrations never differed by 
more than one per cent. 

The temperatures of the cooling water entering and 
leaving the thrust chamber and nozzle cooling jackets 
were measured with iron-constantan thermocouples, 
and their readings recorded on an automatic-balancing, 
multipoint automatic potentiometer. Mixing cham- 
bers were installed at the entrance and exit to the cool- 
ing jackets and the thermocouples gave mixing-cup 
temperatures. The flow rates were adjusted to 
give temperature rises of the order of 100 deg F, and 
the temperature could be read to +1 deg F. 

All of the individual measurements employed in cal- 
culating performance parameters were in error by less 
than 1 per cent. No analysis was made to determine 
the probable accuracy of the curves presented herein. 
It is deemed, however, that readings obtained from the 
curves should be in error by less than 2 per cent. 


8 Conclusions 


From the experiments reported herein, the following 
conclusions may be drawn: 

(a) With a 12-point or a 6-point triplet injector and 
a turbulence ring in the experimental 500-lb rocket 
motors tested, the measured values of specific impulse 
I,,, corrected for the heat transferred to the cooling 
water, were not materially different from the calculated 
values, based on frozen equilibrium. 
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(b) With the turbulence ring the heat fluxes for the 
thrust chamber and nozzle were increased to approxi- 
mately the same values for both the 6- and 12-point in- 
jectors (see Table 1). 

(c) Observation of the interior of the rocket motor 
after a run indicated that the main combustion occurs 
downstream of the turbulence ring, and that the actions 
of the latter were essentially those of a mixing device 
and possibly of a flameholder. 

(d) The mixture ratio giving the values of the maxi- 
mum specific impulse, corrected for heat transferred to 
the cooling water, was practically 4.5 to 1 at all com- 
bustion pressures. 

(e) The maximum values of heat transfer at all 
combustion pressures, for both the thrust chamber and 
the nozzle, occurred at mixture ratios not significantly 
different from 5.0 to 1. 

(f) The measured heat fluxes when burning a hy- 
drocarbon fuel, such as JP-3, are influenced by the car- 
bon being deposited on the walls of the rocket motor 
during the operation period—the heat transfer rate 
decreasing with the operating time. With a clean 
motor, heat transfer rates approximately 1!/2 times 
those corresponding to the reported steady state 
values may be expected. 
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An Approximate Theory of Porous, Sweat, or Film Cooling 
With Reactive Fluids 


L. CROCCO? 


Daniel and Florence Guggenheim Jet Propulsion Center, Princeton University, Princeton, N. J. 


Rannie’s approximate theory of porous cooling for inert 
coolants is here extended to the case in which the coolant 
itself is reactive (for instance, the coolant is one of the 
propellants). The extension is possible with the help of 
drastic assumptions about the diffusions and the re- 
actions of the gases. The theory can be applied to the 
case of film cooling, provided the liquid film is stable. 
A numerical application is developed. 


Nomenclature 


A = area of the cross section of the rocket motor 
cy = friction coefficient of the boundary layer 


c; = specific heat at constant pressure 

d = diameter of the rocket motor 

diffusion coefficient 

E = chemical energy of the fluid per unit weight 
h = enthalpy of the gases 

h. =h+E = total enthalpy 


H(w) = E, — E(w) = thermal effect of combustion of a mixture 
with oxidizer concentration w 


l = length of rocket motor 

m = rate of transfer of oxidizer 

Pr = = Prandtl] number 

q = rate of heat transfer 

Q =h- h. + fe 

r = latent heat of vaporization of the coolant (zero when 
gaseous ) 

Re = Reynolds number of the combustion gases in the rocket 
motor based on the diameter 

S = cylindrical cooled surface of the rocket motor 

Se = u/pD = Schmidt number 

T = temperature 

u = z-component of velocity 

ur = (70/p)'/? = characteristic velocity of the boundary layer 

v = y-component of velocity 

w = mass velocity 

W = total flow 

= axial coordinate 

y = transversal coordinate 

Y = constant related to the thickness of the laminar sublayer 

6 = thickness of the laminar sublayer 

” = pov J = reduced ordinate 

ns = reduced thickness of the laminar sublayer 

N = thermal conductivity 

= viscosity coefficient 

p = density 

T = shearing stress 


Revised copy received June 27, 1952. 

Presented at the Annual Meeting of the AMERICAN RocKET 
Society, Atlantic City, N. J., Nov. 29, 1951. 

1 For purposes of brevity, a distinction has been made in this 
paper between (a) porous cooling, i.e., cooling through a porous 
wall with a gas or a liquid vaporized before entering the wall, 
and (b) sweat cooling, where the coolant is liquid throughout the 
porous wall. 
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® = auxiliary quantity defined by Equation [12] 
w = oxidizer specific concentration (weight of oxidizer per 
unit total weight) 


Subscripts 

c¢ = coolant 

g = main gas stream 

0 = boundary between gas and solid or liquid 
6 = boundary between laminar and turbulent 


1 Introduction 


HE conventional regenerative cooling of rocket 

motors is subject to severe limitations in two cases: 
(a) When high energy propellants or high working 
pressures are used, since the process of cooling with a 
liquid stream the heated surface of a wall through 
its finite thickness has a limited effectiveness, and 
therefore there is a limit to the amount of heat that can 
be supplied to the wall without exceeding the prescribed 
safe temperature: (b) When the propellants due to 
their physical or chemical properties are unsuited 
for use in a regenerative cooling system. 

On the other hand porous, sweat, and film cooling 
are free from limitation (a) because it is always possible 
with a sufficiently large supply of coolant to build a 
fluid film adequate to give the required protection to the 
solid wall; and they are free from limitation (b) because 
these types of cooling, taken together, are able to cover 
a wide range of physicochemical properties of the coolant 
As a result of this better flexibility, porous, sweat, or 
film cooling might play an interesting role in the future 
development of rocket motors. 

Rannie (1)* has developed a simplified theoretical 
treatment of the problem of porous cooling, with the 
purpose of correlating the mass flow of coolant through 
the porous wall and the temperature of the wall itself.‘ 
Rannie’s theory is based on the following assumptions: 

(a) The flow in the rocket can be divided into two 
regions: A central core, where the gases are those of 
combustion and are not affected by the cooling process, 
and a region adjacent to the wall where all the effects 
of the cooling process are confined, and which can be 
treated with the same simplifications as a conventional 
boundary layer. 

(b) Starting in the axial direction from the section 
where the cooling begins, the central core and the boun- 

3 Numbers in parentheses refer to the References on page 338. 

4 Other theoretical treatments have been presented elsewhere 


(see e.g., Ref. 2) based on analogous assumptions. Rannie’s 
theory seems, however, to be the most exhaustive. 
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dary layer reach very soon a quasi-equilibrium condi- 
tion where the axial derivatives of the different quanti- 
ties involved can be practically neglected. The dif- 
ferent quantities are therefore a function only of the 
distance from the wall within the boundary layer, and 
are constant in the central core. 

(c) The relatively small velocity of the coolant com- 
ing from the wall does not affect appreciably the hydro- 
dynamical condition of the boundary layer which, for 
sufficiently high Reynolds numbers, will be mainly 
turbulent except for a small laminar sublayer near the 
wall where the turbulent fluctuations are killed off by 
the presence of the solid boundary. Actually, there is 
no such sharp transition between the two conditions, 
and the discontinuity is only an approximation usually 
accepted when the Prandtl number is sufficiently close 
to unity. 

(d) The physical properties of the coolant and of 
the combustion gases are the same and are independent 
of the temperature. 

(e) The gas used as a coolant is inert with respect 
to the combustion gases. 

Later Sloop has pointed out that Rannie’s treatment 
can be applied to the sweat or film cooling problem,® 
where now the porous wall with the outcoming trans- 
versal flow of gaseous coolant is replaced by the liquid 
film boundary supplied continuously (either trans- 
versally or axially) with the outcoming transversal flow 
of vapor. All of the previously mentioned assumptions 
can be held provided: 

(f) The liquid film is stable on the wall, so that its 
surface is smooth and gives to the gaseous laminar 
sublayer the same support as a sliding solid boundary. 

In this case it is possible to use the results of Rannie’s 
theory, slightly transformed, and to correlate theoreti- 
cally the amount of coolant evaporated from the sur- 
face with the other data of the problem. 

If condition (f) is not fulfilled, and the smoothness of 
the liquid film gives up under the unstabilizing action 
of the shearing stress between gas and liquid and of the 
gas turbulent fluctuations transmitted through the 
laminar sublayer, then two disturbing facts appear: 
First, the corrugations of the liquid film can have in 
turn a reaction on the laminar turbulent conditions in 
the boundary layer (in other words the film reacts 
in a different way than a solid boundary); and, second, 
the corrugations can grow so large in size that they are 
finally detached in drop form from the film and are 
carried away from it by the gaseous stream, without 
further contribution to the cooling mechanism (5). 
In this eventuality, since the porous cooling theory 
as applied to sweat or film cooling does not take into 
account this supplementary coolant consumption, the 
total coolant consumption is certainly larger (in some 
cases much larger) than the theoretical value. How- 
ever, even in this case the theoretical prediction has an 
interesting meaning as a measure of the minimum possi- 


5 Computation on the same general line had already been de- 
veloped by Shurman (Ref. 3). 
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ble value of the coolant consumption that could be 
obtained after stabilization of the film surface. More- 
over, the difference between theoretical and actual cool- 
ant consumption or other related quantities, affords 
a measure of the effects of film instability. 

The results of Rannie’s computations check reasona- 
bly well with the experimental results of Duwez® (4). 
In the same way reasonable agreement can be expected 
in the film-cooling case, in the region where the film 
is stable. Despite the number of simplifying assump- 
tions, the theory represents, therefore, a useful tool for 
predictions on these kinds of cooling when an inert 
coolant is used (assumption (e)). 

Unfortunately, this is not the most interesting case 
for practical applications, since usually the coolant 
is represented by one of the propellants and is there- 
fore capable of reacting chemically with the other 
propellant or with the products of combustion. The 
purpose of this paper is to extend Rannie’s theory to 
this case, or more generally, to the case when the 
coolant can react with the cembustion gases. The 
extension can only be done with the help of some addi- 
tional simplifying assumptions. On the other hand, 
it will be shown that the quite restrictive assumption (d) 
can be dropped without introducing any essential 
complication in the treatment. 


2 Supplementary Assumptions 


As we have stated, we maintain all Rannie’s assump- 
tions except (d) and (e). About the effects of the reac- 
tions between coolant and combustion gases we make 
the following observations and assumptions. As the 
coolant gas is introduced or the coolant vapor is 
evaporated, it is diffused from the boundary toward the 
combustion gases. At the same time the combustion 
gases are diffused from the region external to the boun- 
dary layer toward the boundary, so that their relative 
concentration is different at different layers, varying 
from a minimum near the boundary to unity outside 
the boundary layer. This varying concentration has 
an important effect, since the combustion gases contain 
the molecular species which are able to react with the 
coolant. Suppose, for simplicity, that the coolant is a 
fuel, which therefore can react with the oxygen con- 
tained in the combustion gases in bound or free form. 
We make the following simplifying assumptions. These 
assumptions are quite crude, but drastic simplifications 
are needed if any answer must be obtained. 

(g) The combustion gases are diffused as a whole. 
This is almost exact in the turbulent layer, since the 
diffusion in this case consists in macroscopic mixing; 
but it is certainly not exact in the laminar sublayer 
where the molecular diffusion rates are different for 
different molecular species. The consequence of this 
assumption is that when the coolant coincides with 
the fuel the mixture at every layer can be supposed to 
be derived from the mixing of certain amounts of fuel 


6 The same applies for the results of Ref. 2. 


ARS JourNAL 


al 
is 
a 
| re 
la 
al 
lo 
ti 
| th 
m 
tu 
ti 
we 
gu 
| re 
ch 
fic 
be 
th 
| 
to 
th 
CO 
wl 
WI 
ra 
in 
sa 
of 
| sir 
tic 
co 
4 on 
tic 
sic 
| to 
co! 
(ae) 
tit 
an 
: are 
wh 
for 
ext 
the 
| 7 
spe 
No 


and oxidizer, and a single parameter, e.g., the oxidizer 
specific concentration, is sufficient to characterize the 
gross composition of the mixture.’ The same property 
is assumed without further justification when the cool- 
ant is different from the fuel. 

(h) The reaction times of the mixtures are short with 
respect to the other times involved, so that at every 
layer the mixture can be considered to reach immedi- 
ately the final condition it would reach after a sufficiently 
long time. If the temperature, and, therefore, the 
oxidizer concentration are not too low, this final condi- 
tion coincides with the equilibrium condition of the 
corresponding combustion gases. The consequence of 
this assumption is that the chemical composition of the 
mixture is known when the oxidizer specific concentra- 
tion is known, and, therefore, the enthalpy of the mix- 
ture is a function of the oxidizer specific concentra- 
tion and of the temperature. From the enthalpy h 
we can obtain the total enthalpy h, if we add to h the 
potential energy £ still contained in the combustion 
gases in chemical form. i.e., the heat that has not been 
released because of the incomplete oxidation. This 
chemical energy is a function only of the oxidizer speci- 
fic concentration, and it is generally a maximum at the 
houndary and a minimum in the region external to 
the boundary layer. 

(¢) In the laminar sublayer the diffusion rate of 
ihe oxygen-carrying combustion gases is proportional 
io their total molecular concentration gradient, and 
the diffusion coefficient D is related to the viscosity 
coefficient and the density by the formula D = u/p- Se, 
where the Schmidt number Sc is assumed to be constant 
within the laminar sublayer. In fact, the diffusion 
rates follow more complicated laws, depending on the 
actual composition of the mixture, and only in the case 
in which all the components of the mixture have the 
same molecular weight is the aforesaid simple relation 
of proportionality exact. In order to obtain a further 
simplification, we assume that the molecular concentra- 
tion is simply proportional to the oxidizer specific 
concentration. This proportionality would be exact 
only if the average molecular weight of the combus- 
tion products remained constant. Obviously the diffu- 
sion of the coolant vapor is reduced (assumption g) 
to a complementary process, and does not need to be 
considered separately. About the assumption of 
constant Sc, it can be observed that actually this quan- 
tity is not far from unity, close to the Prandtl number, 
and its variations with temperature or composition 
are contained in small ranges. 

(j) In the turbulent region the Reynolds analogy, 
which assumes that the same mechanism is responsible 
for the transfer of axial momentum and energy, can be 
extended also to the mass transport and, therefore, to 
the turbulent diffusion of chemical species. 


7 The sum of oxidizer specific concentration and of the fuel 
specific concentration is obviously one, and the latter could have 
been selected as parameter with equivalent results. 
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3 Relations in the Turbulent Region 


Assumption (j) can be expressed more explicitly in 
the following way: When a fluid particle is displaced 
by the turbulent fluctuation from one layer to the other, 
it is displaced as a whole, carrying its axial momentum, 
its total energy content (more exactly its total enthalpy 
since the process takes place at constant pressure), 
and its chemical composition. There is, therefore, 
similarity between the fields of velocity, total enthalpy, 
and oxidizer concentration, and also between these 
fields and the rate at which momentum, energy, and 
concentration are transferred in the transversal direc- 
tion. The similarity can be expressed by the following 
extended Reynolds formula 

[1] 
T m q 


where 7 (turbulent stress), m and q represent, respec- 
tively, the rate at which momentum, concentration, 
and energy are transferred across a certain layer; 
u, w and h, are the axial velocity, the oxidizer specific 
concentration and the total enthalpy; and the subscripts 
g, 6 indicate, respectively, the conditions of the main 
stream of gases outside the turbulent layer and the 
conditions at the idealized boundary between the tur- 
bulent layer and the laminar sublayer. Equation [1] 
can be applied to any layer in the turbulent region. 


4 Relations in the Laminar Sublayer 


The equations in the laminar region can be derived 
by a simple balance of mass, momentum, concentration, 
and energy in the y-direction, since by assumption (0) the 
quantities do not vary appreciably in the z-direction. 
Writing first the balance of mass, the mass flow per 
unit area and time at any distance y must be equal to 
the mass flow at y = 0, that is, at the solid or liquid 
surface where the gaseous boundary layer begins. 
Therefore, representing with subscript zero the quanti- 
ties at y = 0, we have at any section 


p being the density and v the transversal velocity. 
Between the two sections there is a variation of axial 
velocity and, therefore, of axial momentum, which can 
only be produced by the difference of viscous stresses 
on the two sections, since the other forces are assumed 
to be negligible. Therefore we obtain: 
Considering now the balance of oxidizer, between 
the same two sections, we see that there is no exchange 
of oxidizer at y = 0, where there is only a flow of coolant, 
so that there must be balance at the other section be- 
tween the mols of oxidizer carried by convection which 
by assumption is proportional to vw and the mols trans- 
ferred in the opposite direction by diffusion, proportional 
to Ddw/dy with the same coefficient of proportionality. 
Remembering the introduction of the Schmidt number 
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(assumption 7), we can write the balance of oxidizer 
under the form 


The coolant balance is automatically satisfied (assump- 


tion (g)). 
Finally, let us consider the coolant at its supply 


temperature 7, that is, for sweat or porous cooling, 
the temperature of the coolant before entering the 
porous wall and for film cooling, a temperature close 
to its boiling temperature under the prevailing pres- 
sure, the heat necessary to reach this temperature having 
been supplied in the first period of existence of the 
film after entering the combustion chamber. If we 
indicate with subscript c the quantities corresponding 
to this temperature, we see that the increase of total 
enthalpy per unit mass at ordinate y is given by h, — 
h,, + r,, where r, is the latent heat of vaporization at 
temperature 7, (r, = 0 if the coolant is gaseous), h,, is 
the total enthalpy of the vapor at temperature 7’, and 
h, is the total enthalpy of the mixture at ordinate y, 
which is, by assumption h, completely defined when 7 
and w are known. On the other hand, the only supply 
of energy from outside is the heat transferred by con- 
duction at ordinate y, that is \ d7'/dy per unit area 
and time. In conclusion, introducing the Prandtl 
number Pr = uc,/d, we find that the balance of energy 
can be written under the form 


q= &S = pu(ht — hte + rc) 
= pvlh —he + re — [5] 
where we have introduced the thermal effect 
H(w) = E. — E(w) = E(0) — E(w).......... (6] 


corresponding to the combustion of a mixture of fuel 
vapor and oxidizer with oxidizer concentration w. 
Obviously H(w) is an essentially positive quantity. 

The integration of Equations [3], [4], and [5] with 
constant Sc and Pr is immediate. Introducing for 
brevity the reduced ordinate 


where Equation [2] has been used, we find that the 
integrals of Equations [3] and [4] are 
u — uo = — 1); w = CreSe-n 
The integration constants C;, C2 can be expressed for 
instance through the values u; and w; at the limit y = 
6 of the laminar sublayer. Writing 


_ 


Mm representing an average value of yu in the laminar 
sublayer, we have 


7— 1] 
Uo = (us — w = [8] 


At 7 = 0 we see that the oxidizer concentration is 
wy = ws; exp (—Sc-n;) and is, therefore, different from 
zero. 


Coming now to the energy Equation [5], we see that 
w and, therefore, H(w) being known functions of n, the 
equation is a linear differential equation between h 
and the reduced ordinate 7. 

Introducing for brevity 


we see that the integral of Equation [5] is 
Q = ePr-n(Qo — Pr fo" . . [10] 


where 7 is an integration variable, w(m) is given by 
the second Equation [8] with 7 = m, and Qp is given by 
the value of [9] at y = 0 and represents the total 
amount of heat transferred from the gaseous boundary 
layer to the porous wall or to the liquid film. 


5 Turbulent-Laminar Junction and Solution 
of the Problem 
Equation [3] applied at the external limit of the 
laminar sublayer gives 


Us — Uo 
1 —e-% 


pv 


the last step being obtained from the first Equation [8]. 
Moreover we have from Equations [4], [5] 


ms = pows; gs = pv[Qs — H(ws)] 


where Q; is the value given by Equation [10] at 
n= 

On the other hand in the present assumption of a 
sudden transition from laminar to turbulent conditions, 
73, Ms, and qs; must coincide with the corresponding 
quantities at the internal limit of the turbulent layer, 
and, therefore, must satisfy the relations [1]. Hence 
we can write, eliminating the common factor pv: 

Observing now that from Equations [6] and [9] and 
the definition of h, we have 


hig — hts = Qo — Qs — H(wg) + H(ws) 
and introducing for brevity 


_ Ug — Us Ug — Uo 


We can rewrite Equations [11] in the following way 


wg Qo — H(wo) 


so that introducing the value of Q; obtained from 
Equation [10] and from Equation [13] itself, we obtain 


Qo — H(w9) ( wg ) 
Prong = — “hwo? 
QoePr i+? +H 
Pr ePr-ns (14) 


where, in the last integral, H is a function of 7; through 
w, given by Equation [8] with w; = w,/(1 + ®) (Equa- 
tion [13]). 

Equation [14] represents the solution to our problem. 
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Supposing we know the values of (uy — u,.)/(us — Up) 
and 6, and the function H(w), we can compute 7; for a 
prescribed p,v, from Equation [7] and obtain @ from 
Equation [12] (see section 7). If the conditions of the 
gases outside the boundary layer are known, that is, 
if we know hy, w, and Q, (Equation [9]), all the quanti- 
ties on the right-hand side of Equation [14] can be 
evaluated, and we can therefore deduce Q,. Vice 
versa, if Q, is known, the value of p,v, which satisfies 
Equation [14] gives the value of the necessary coolant 
consumption. 

If the coolant is inert, we have simply to take H = 
(), and Equation [14] is reduced to 


which corresponds to the developments of Rannie in 
the case of porous cooling and of Sloop in the case of 
film cooling. 


6 Simplifications and Particular Cases 


The computation of the integral on the right-hand 
side of Equation [14] requires the knowledge of the 
function H(w) in the laminar sublayer, that is, between 
w, and w; = w,/(1 + #). Now in practical applica- 
tions, 1 + # is generally between 2 and 4 (as it can be 
deduced from section 7) so that ws; is considerably 
smaller than w,. This means that w; and, of course, 
also w, are generally outside the range of concentra- 
tions in which the value of H(w) can be established by 
thermodynamical computations, since at this low value 
of the oxygen concentration the products of combustion 
are not well determined and the temperature is de- 
creased considerably. Since the experimental data also 
do not give sufficient information, the only thing to do 
for the time being is to guess a reasonable shape of 
H(w) for low values of w and perform the applications 
with this shape. Of course, this procedure will not 
give certain results, since the final answer is considerably 
affected by the shape of H(w); but at least it will give 
a way of evaluating the importance of the effects of the 
reactability of the coolant. One of the simplest assump- 
tions we can make about H(w) is that H is proportional 
to w for small values of w, that is, the thermal effect of 
every addition of oxygen is proportional to the added 
amount. This can be considered a sound physical 
assumption in the case of fast-reacting propellants if 
the temperature is not so low that the reactions are 
frozen; and has the advantage of allowing simple 
expressions. Making use of this assumption, with w 
given by Equation [8], we find 


nb 1 — e—(Se— Pr) ng wg 
—Pr- —Pr- 


If, as we have already observed, the Schmidt number 
is sufficiently close to the Prandtl number, the numera- 
tor of the first fractional factor on the right-hand side 
can be expanded in powers of Sc — Pr. Stopping the 
expansion at the first power the result is the expression 
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independent of the Schmidt number. 
Replacing this expression into Equation [14], we 
can put the result under the form 
Qo _ (1 + B)ePr-ns 116) 
Qo H(w9) w 


We can now specify the form of the left-hand side in 
the three different kinds of cooling. 

Porous cooling. The coolant is a gas, and r, must be 
taken zero. Therefore Equation [16] with 

Qo hg—he 

[17] 
affords the relation between the fluid-dynamical condi- 
tions and the relative value of the enthalpy excess of 
the main gases with respect to the enthalpy excess at 
the wall. 

Film cooling. As we have already observed, the 
coolant in the film is heated in an initial stage to a 
temperature 7), which coincides practically with the 
boiling temperature under the prescribed pressure; 
after which we can take approximately h, = ho. We 
obtain, therefore 


Qo To 


If the conditions in the main gases and the proper- 
ties of the coolant are known, this quantity has a defi- 
nite value, and the only variable left is pov) (entering 
in the expression of n;) which can therefore be determined 
from Equation [16]. 

Sweat cooling. In this case again r, ~ 0 and Ty) is 
practically the boiling temperature, but ho # h,; 
so that 


Qo _ hg —he 

and Equation [16] represents again, as in the case of 
porous cooling, a relation between the two variables 
pop and the enthalpy excess ho — h, at the wall, once 
the conditions in the main stream and the properties 
of the coolant are known. 

Independently of the simple case when H = 0 
which, as we have already observed, gives place to 
Rannie’s Equation [15], the other case of particular 
interest is the case where the coolant is the fuel itself. 
In this case the enthalpy in the main stream is deter- 
mined by the equation 

hg — he = H(wg) — re 


in the assumption that the conditions of the fuel in 
front of the injector are the same as those of the coolant 
before the cooling process. This appears to be a satis- 
factory assumption for the sweat cooling and the porous 
cooling; but not as good for the film cooling, since, as 
already observed, in the initial stages of existence the 
film receives from the gases a certain amount of heat, 
which has no correspondence in the fuel to the injec- 
tor. But, if this amount of heat is small with respect 
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to the thermal effect of the combustion, the equation 
can still be assumed to be approximately satisfied; 
in this case Equation [16] can be simplified because 
Q, = H(w,), and becomes 


20 
Q 


Let us now consider the denominator of this expres- 
sion. The first factor is always larger than unity. The 
product of the last two factors depends on the shape of 
the function H(w). Fig. 1 shows three possible cases: 
we see, for instance, that if the H, w curve presents 
always its concavity to the w-axis, then the aforesaid 
product is always larger than unity (Fig. la). The 
opposite can be true if the curve presents an inflexion 
point (Figs. 1b and 1c). Now in the range of w in 


H H 


a way of relating the quantities n; and ® to the known 
characteristics of the main flow. 

Unfortunately, very little is known today on the 
characteristics of two-phase boundary layers. A recent 
experimental investigation (5) shows that in a certain 
way the annular liquid film surrounding a gaseous 
stream behaves as a part of a single-phase boundary 
layer, and that it remains laminar only as far as its 
thickness is smaller than the thickness of the laminar 
sublayer in a single-phase boundary layer. If this 
condition is satisfied, the film is smooth and stable and 
the transition from laminar to turbulent takes place 
in the gas stream. If, on the contrary, the film is too 
thick, transition takes place in the liquid phase and all 
of the gaseous boundary layer is turbulent. In the 
second case the results from the computations presented 
in this paper can only give a lower limit to the liquid 
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which H can be determined by thermodynamical 
computation, the first eventuality seems to be the rule; 
for the remaining values of w we have insufficient quanti- 
tative information, but from a qualitative point of view 
it seems safe to say that even if there is an inflexion 
point the value of the product is not likely to go much 
below unity. Therefore the denominator of Equation 
[20] is generally larger than unity and the comparison 
with Equation [15], remembering the meaning of 
Q,/Q from Equations [17], [18], and [19], shows that 
the cooling effectiveness is decreased by the reacta- 
bility of the coolant. 

In particular this is true in the case of Fig. 1b, when 
Equation (20) takes its simplest form 

Qo (1 + @)ePr-n5 

As we have already observed, these results can be 
considerably affected for different H(w), and for very 
slow-reacting propellants the conclusion can be funda- 
mentally changed. 


7 Numerical Application 


We shall consider in this section the numerical results 
of Equation [21], which has the advantage of containing 
a minimum number of parameters. In order to be 
able to perform the numerical computations we require 
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FIG. lb FIG. lc 


consumption, as mentioned previously. But if the 
film is sufficiently thin, the theory may be applied after 
having computed 7; and @ with an approximate method 
that can be derived from the results of Ref. 5. However 
here we have used a rougher approach, which is 
strictly analogous to Rannie’s procedure and gives at 
least a general idea on the behavior of the process. 
Rannie computes the relations from the ordinary theory 
of isothermal, incompressible turbulent boundary 
layer, and then applies the results to the present case. 
For constant density we can write the three relations 


Pe p(Ug — Uo)? Us — Uo 
To = CF = 
2 


the first of which defines the friction coefficient cy for 
a relative velocity u, — uo with respect to the liquid 
boundary (wv = 0 if the wall is solid); the second 
assumes an approximately constant shearing stress 
throughout the laminar sublayer; and the third defines 
the characteristic velocity u,. We obtain first 


Moreover, as the thickness of the laminar sublayer in 
the hypothesis of a sharp transition to the turbulent 
conditions satisfies to 


burp 
= Vx 
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y» being a constant, we can immediately write, using 
Equation [23] 


Uo)p = Ye 2 [24] 
Again from Equation [22] we find, therefore 


Ug — Uo _ 2 1 
us — Uo 5(ug — Uo)p cr Ve [25] 


On the other hand we have from Equation [7 ] 


povo — Uo)d 
— Uo) Lm 


If we indicate with w,, w, the mass velocities of the 
coolant and of the gases, and if uy is small with respect 
to uy, the first factor on the right-hand side can be 
written 


the last two steps being derived in the assumption that 
pv is the same on all of the cooled surface S; W, 
and W, representing, respectively, the total flow of 
coolant and of propellants, and A being the section of 
the cylindrical combustion chamber of diameter d 
and length l. In the last two steps of Equation [27] 
the cooling of the exhaust nozzle and of the injector 
lead is not considered. The second factor of Equation 
|26] can be roughly assumed to coincide with Equation 
{24]. 
Finally we have 


so that ns; and ® (Equation [12]) can be computed 
from Equations [25], and [26] once ys and cp are known. 
If we take with Rannie® 

= 5.6; cr = 0.046 Re~®-2 
the Reynolds number being based on the conditions 
in the main stream and on the diameter of the chamber, 
we obtain 


Me 1.175 = ~°-36.8 Re®-1...... [29] 
Us — Uo Wg 

The relation between Q,/Qo and w,/w,, as computed 
using the values of Equation [29] and Equation [12], 
are represented by the curves of Fig. 2. Q,/Qo is 
expressed explicitly by Equations [17], [18], and [19] 
for the three kinds of cooling. The curves are computed 
for Re = 10° and Re = 10° since the values for practical 
rocket motors are generally contained in this range. 
The comparison between the case of inert coolant from 
Equation [15] and the special case of reactive coolant 
represented by Equation [21] shows clearly the increase 
coolant consumption due to the reactability of the 
coolant. At given values of Q,/Qo the increase is of 


° The case where all of the gaseous layer is turbulent can be 
obtained from the preceding relations with ys = 0 and n5 = 0. 


The resulting is 2w./crw,. 
® Tt must be emphasized again that these results correspond to 


fast-reacting propellants. 
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the order of 75 to 100%. As a practical example 
let us consider the film cooling of a chamber with h, — 
ho = 1400 cal/gr (corresponding approximately to 
the gases of combustion of gasoline and oxygen at 
maximum trust) and two values of the latent heat: 
r, = 80 cal/gr (corresponding to gasoline), and r, = 
550 cal/gr (corresponding to water). We obtain from 
Fig. 2 the following table of w,/w, 


TABLE I 
—Re = Re = 108 
Coolant> Inert Reactive Inert Reactive 
ro = 80 1.95-10-2 3.46-10-2. 1.35-10-2 


re = 550 0.55-10-? 1.0 -10-? 0.35-10-? 0.58-10-? 


From these values, the values of the actual coolant 
consumption can be derived from Equation [27] for 
given values of I/d. With l/d = 1.5 we have the 
following table of 


TABLE II 
—Re = 10% Re = 16 
Coolant> Inert Reactive Inert Reactive 
ro = 80 11.7% 20.7% 8.1% 14.7% 
re = 550 3.2% 6.0% 2.1% 3.5% 


For instance, at Re = 10°, if we use water as a coolant 
(inert), we have a minimum coolant consumption of 
2.1%, but, if we use the gasoline itself (reactive), 
the coolant consumption becomes 14.7%. Of the total 
increase of 12.6%, 6% is due to the decrease of r, 
and 6.6% to the reactability. 

The derivation of Equation [21] has been performed 
using several drastic assumptions and simplifications. 
The assumptions of sections 1 and 2 have been intro- 
duced in order to obtain the solution in its general 
form [14], some of them having mainly the purpose 
or mathematical simplification [assumptions (b), (2) ], 
the others having not only the same purpose but also 
the one of replacing our very incomplete knowledge of 
the chemical kinetics of the process [assumption (g), (A) ] 
or of some fluid-dynamical effects [assumption (f)]. 
The refinement of these assumptions seems to be 
possible only through considerable mathematical com- 
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plications. The rest of the assumptions have been 
used in the simplification of Equation [14], or in the 
computation of numerical values. Here, also, the refine- 
ment of the very rough evaluations of section 7 would 
require a much deeper knowledge of the fluid dynamical 
processes in a turbulent boundary layer and of their 
dependence upon the thermal conditions. As already 
mentioned, some help could come from the results of 
Ref. 5. On the other hand, the approximations intro- 
duced at section 6 can easily be avoided when the partic- 
ular set of propellants and coolant used is specified 
and the curve of H(w) is more exactly determined. We 
observe also that the computations can be performed 
without the simplification of Sc close to Pr, and without 
the restrictive assumption Q, = H(w,). 

Finally we observe that the evaluation of the coolant 
consumption in the initial stages of the film existence, 
or in the nozzle, would require the introduction of the 
x-derivatives, introduction that cannot be done without 
considerable mathematical complication. 
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Large-Scale Production and Handling of Liquid Hydrogen 
(Continued from page 322) 


flowing hydrogen should be grounded to prevent the 
occurrence of a static spark. 


3 General Precautions 


(a) Protection of personnel from minor explosions, 
pressure failures, and other equipment failures may be 
accomplished by providing metal explosion shields either 
around the critical sections or by utilizing a panel board 
which would afford adequate protection. 

(b) Precaution against explosions caused by oxygen 
impurities may be taken by providing continuously 
recording oxygen analyzers such as those available from 
Arnold O. Beckman, Inc., of Pasadena, Calif. Suitable 
contamination alarms may be provided to permit shut- 
ting down the plant before hazardous conditions de- 
velop. 

(c) Careful attention should be given to the hydro- 
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gen compressors. Preferred units for use are those 
which have no first-stage-to-atmosphere packing such 
as the trunk-piston type. 

(d) All lubricant in vacuum pumps, compressors, 
etc., which may come in contact with hydrogen-air 
mixtures should be noncombustible, such as tricresy]! 
phosphate. 
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Morphological Features of the Isothermal Conversion of 
Chemical Energy Into Propulsive Energy 


F. ZWICKY' 


California Institute of Technology, Pasadena, and Aerojet Engineering Corporation, Azusa, Calif. 


Editor’s Note: Atleast seven years ago, F. Zwicky called 
attention generally to the importance of isothermal ex- 
pansion processes in the conversion of chemical or thermal 
energy into jet energy. This idea has been analyzed in 
various aspects since that date, and recently two papers (4, 
5) were submitted independently to the JOURNAL on the 
subject. In the belief that a formal restatement of the 
idea would be of interest, the Editor-in-Chief invited the 
following paper from Prof. Zwicky. 


N VARIOUS previous occasions (2)? the author 

has briefly discussed the morphological feat- 
ures of the conversion into propulsive power of the 
energy which is released in chemical reactions. 

The four basic modes of conversion are represented 
yy two reversible thermomechanical provesses and by 
two reversible thermoelectric modes of generation of 
electric current and of power. 

Of the two ideal limiting thermomechanical proc- 
esses, the adiabatic conversion of the chemical reaction 
heat into kinetic energy has been used most widely. 
On the other hand, the isothermal expansion of the 
chemical reaction products generated in a combustion 
chamber has received much less attention. It is desira- 
ble to emphasize a few interesting features of this 
isothermal or (in practice) semi-isothermal conversion. 


A Inadvertent Occurrence of Semi-Isothermal Expansion 


One first notices that even a strictly adiabatic ex- 
pansion which the products of a chemical reaction 
undergo in a jet motor may, at least in part, proceed by 
itself and automatically along a more or less constant 
level of temperature. That is, an adiabatic process 
with no heat added or subtracted from the outside may, 
under certain circumstances, assume the appearance of 
an isothermal process. Specific examples of such cir- 
cumstances are: 

(a) One or more components of an expanding and 
cooling gas mixture condense when their vapor (or 
sublimation) pressure p, and their boiling point (or sub- 
limation) temperature 7’, is reached. Assuming perfect 
and instantaneous heat exchange between the remaining 
gas and the droplets or solid particles formed, the ex- 
pansion of this remaining gas will be isothermal until 
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all of the condensable components are liquefied or 
solidified. The heat necessary for this isothermal ex- 
pansion is furnished by the heat of evaporation which is 
liberated by the condensing gases. 

(b) Continuing the expansion discussed in (a), it may 
happen that the total specific heat of the condensed 
droplets and particles in the jet considered is great com- 
pared with the specific heat of the remaining gases. 
These gases, while expanding, will then be effectively 
heated by the droplets and the particles, provided that 
the latter are the smaller in size, the faster is the ex- 
pansion. As a consequence, the expansion of the gases 
would appear modified from the strictly isentropic to- 
ward a more isothermal process. 

(c) Intrinsic heating during the expansion of a gas 
may occur if gases which are dissociated at very high 
temperatures recombine. The heat of recombination 
may then keep the expanding gases at a more or less 
constant temperature. 


B Artificial Systematic Maintenance of Constant Tem- 
perature During Expansion 

There is a considerable number of cases of both jet 
engines and of pumping systems associated with jet 
engines in which the use of isothermal processes is both 
of basically theoretical and of practical importance. 
In this short paper one cannot hope to treat this subject 
exhaustively. The following three illustrations may suf- 
fice to arouse further interest: (1) Avoidance of ex- 
cessively high temperatures through the use of isother- 
mal processes. (2) Exploitation of available free en- 
thalpy of reaction rather than only of enthalpy (heat) of 
reaction. (3) Increase of efficiency of pumping sys- 
tems through the use of isothermal processes. 


I Limiting the Combustion Chamber 
Temperature 


For purposes of illustration, all irrelevant features 
of the processes involved in the chemical reactions and 
in the conversion of heat into propulsive energy shall be 
omitted. 

It is assumed that per mole of the reagents used, an 
amount of heat H is generated. It is further assumed 
that at all temperatures considered, the average molecu- 
lar weight of the gaseous reaction products retains a 
constant value uw and that the average specific heats C, 
and C, per mole at constant pressure and constant vol- 
ume are also constant in the whole temperature range. 
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For the ratio of the specific heats we write y = C,/C,, 
and for all quantities per gram, h = H/y; c, = C,/n, 
etc. 

The limiting absolute temperature 7, which the 
reaction products may reach as a result of the reaction 
of our propellants is 


[1] 


where 7, is the ambient absolute temperature. The 
admissible chamber temperature, however, shall be 
limited to a value Tmax Where Tmax < Tr. 

In order to achieve this limitation of temperature, 
several procedures may be followed. Consider (a) 
the use of inert additives to hold the temperature down, 
and (8) adiabatic combustion until T = Tmax is reached, 
followed by subsequent isothermal expansion along a 
line 7 = Tax = const and pressure p changing from 
p- to p,’, and finally adiabatic expansion from p,’ to the 
exhaust pressure p,, which is equal to the pressure of 
the medium surrounding the exhaust of our engine. 
We now proceed to intercompare the efficiencies of the 
processes (a) and (8) among themselves as well as rela- 
tive to the efficiency of the conversion of heat into 
propulsive energy by the ideal isentropic expansion of 
the reaction products from 7',,p, to T.,pe. 

In the following, the general formulas for the various 
cases are given and, for illustration, they are applied to 
reaction products for which we have arbitrarily chosen 
certain numerical values of their thermal properties. 

Thermal Properties Chosen for the Reaction Products. 
Mean molecular weight » = 30 independent of 7. 
Heat of reaction available 


H = 34,400 cal/mole 
or 


Ratio of the specific heats y = C,/C, = 1.3 independent 
of 7; universal gas constant R = 1.9872 cal/mole; thus 
C, = 8.6 cal/mole and c, = 0.287 cal/gm. It is further 
assumed that any inert matter added to our propel- 
lants has the same specific heats. Furthermore, from 
Equation [1], 7, = 4300 K. 

It is then assumed that the combustion temperature 
T., because of motor characteristics, must be limited to 
Tmax = 3300 K. 

(a) Addition of Inert Matter to Depress the Chamber 
Temperature. If Am grams of inert matter are added 
to one gram of the original reaction products, the re- 
sulting (1 + Am) grams at the temperature Tmax have 
a total heat content 


This must be equal to the heat of reaction h available 
per gram of the original reagents plus the total heat 
content of the (1 + Am) grams of mixture at 7). Thus 


+ (1 + [4] 
and, from Equations [3] and [4] 


3 For some of the numerical calculations and discussions the 
author is indebted to Dr. J. M. Carter. 
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— Tol 


Am 


or numerically for the chosen example, Am = 0.332 
grams per gram. 

This is the mass of inert matter which must be added 
per gram of the original propellants in order to depress 
the chamber temperature from 7, to the allowable 
Tmax. The heat available per gram of the mixture on 
the isentropic expansion from Tmax to T’ = 0, i.e., from 
the chamber pressure p, to p, = 0, is 


or, in the example h’ = 947 cal/gm. In practice, an 
expansion from p, to a finite exhaust pressure p, takes 
place and the heat Ah’ < h’ is converted into kinetic 
energy, where 


Ah’ = cy Tmax [1 — = 

947 [1 — cal/gm.............. 
The exhaust velocity v, and the specific impulse which 
characterize the efficiency of the motor are proportionai 
to V Ah’. In Table 1 Ah’ for the process (a) is plotted 
as a function of p,/p, and is compared with the maxi- 
mum heat Ah convertible by the isentropic expansion 
from 7’, at the available pressure ratio p,/p.. 

(8) Combination of Isothermal and Isentropic Expan- 
sion. In this process an initial step of the combustion 
is used which results in the allowable chamber tempera- 
ture Tmax rather than 7. This may be done in prac- 
tice by injecting at first only a fraction of the available 
oxidizer. The remaining fraction is then gradually 
introduced further downstream in such a fashion as to 
maintain isothermal expansion of the combustion prod- 
ucts from the pressure p, to p,’, which one can deter- 
mine. (It should be pointed out that this thermody- 
namic analysis applies only to heat addition during the 
expansion process and does not account for the mass 
addition and its possible effects.) From p,’ to p, the 
gases are again expanded isentropically. 

The initial combustion to Trax Consumes per gram of 
propellants a heat 


hy = Cp = = 0.287 x 3000 = 861 cal/gm. [8] 


The total heat of reaction which is available is h = 1147 
cal/gm. There remains thus 


he = h — hk, = 286 cal/gm...............[9] 


to be supplied for isothermal expansion from p, to p,’. 
This intermediate pressure p,’ is obtained from the 
requirement that the isothermal work of expansion per 
mole » from the pressure p, to the intermediate pres- 
sure p,’ is equal to the heat whe which is fed in isotherm- 
ally, thus, per mole 


The determination of p,’ by the simple formula given 
in Equation [10] assumes that the effect of mass addition 
on the pressure distribution can be neglected. For the 
general argument of this paper, this neglect is justi- 
fiable since Ah” is usually not sensitive to the precise 
value of p,’.. There is an isentropic expansion from p,' 
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ENTROPY Ss 
FiG. 1 THREE THERMODYNAMIC PROCESSES FOR THE CONVER- 
SION OF CHEMICAL ENERGY INTO PROPULSIVE ENERGY 


A,—~A-—B = process (a) of the text 
Av — D = process (8) of the text 
A,—~ E—F = optimum adiabatic expansion 


to the pressure p, of the medium which surrounds the 
engine, during which process the heat Ah” per gram 
is converted into kinetic energy. It is 


Ah” = max [1 — [11] 


The total heat Ah,,.,, Which we can convert into kinetic 
energy by using the described combination of isothermal 
and of isentropic expansion thus is 


[12] 


where hy and Ah” are given by Equations [8], [9], and 
(11). 

In Fig. 1 the processes (a) and (8), as well as the ideal 
expansion from p, and 7, to p, and T, are represented 
diagrammatically. The heat per gram converted in 
the ideal expansion is 


Ah = [1 — (pe/pe) [13] 


In Table 1 is listed the efficiency of the three proc- 
esses described using the numerical values of our as- 
sumed example. It is seen that Ah.omp, While only in- 


TABLE 1 
(All heats in cal/gm) 

Pe/ Pe Pe’ /Pe’ Ah’ Ahcomb Ah 
20 5.38 474 592 617 
50 13.45 564 715 

100 26.90 629 791 
200 53.80 668 857 
500 134.50 721 928 

1000 269.0 755 966 

2000 538.0 783 1012 - 

5000 1345 815 1055 1061 


significantly smaller than Ah, is in all cases about 25 
per cent greater than Ah’. 

If parasite effects were considered such as heat losses, 
it would be found that Ah presumably suffers greater 
depletion than Ah, om, such that the combinatory iso- 
thermal-isentropic expansion comes out on top. 
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II Free Enthalpy Versus Enthalpy 
(Extraordinary Conversions of Heat into Kinetic Energy) 


As a consequence of the first and the second law of 
thermodynamics, the following general result for the 
conversion of heat into useful mechanical or electrical 
energy can be derived. 

If a material system } undergoes a change from an 
initial state 2; to a final state 2,, both of which states 
are in equilibrium under the same external pressure p, 
and temperature 7',, the maximum amount of useful 
energy‘ or work W which can be gained per mole is 


where 
F,=E-TS+pV =H-TS.......... [15] 


Here E and S are the internal energy and the entropy 
per mole, while V is the molar volume. F, is therefore 
appropriately called the free enthalpy. 

Although in the operation of most jet engines AH = 
H, — H,> 0, it must not be assumed that this an abso- 
lute requirement. Actually the necessary condition 
which must be fulfilled by the propellants and their 
reaction products at constant 7 and p is 


On the other hand, the heat of reaction may be positive, 
negative, or zero. It will thus be useful to discuss briefly 
examples of three types of jet engine operations for 
all of which Equation [16] is satisfied, but for which 
(1) AH > 0, (2) AH = 0, and (3) AH < 0. In all of 
these cases the use of isothermal expansion and con- 
traction plays a vital role if maximum efficiency is 
sought. 


1 The Normal Case, AH > 0 
There are three subcases, namely (a), (8), and (¥). 


(a): AF, > AH. This means that more useful energy 
W can be extracted than the heat of reaction. If W is 
generated as electrical energy through the conduction 
of the reaction in an electrolytic cell, this cell has a 
tendency to cool down. In order to conduct the re- 
action isothermally, a certain amount of heat Q must 
therefore flow from the surrounding medium into the 
cell. This heat Q added to AH can be converted into 
useful work. 

In a thermal engine which operates at different levels 
of temperature, the full amount of useful energy AF, 
can only be generated if a series of large constant tem- 
perature reservoirs are available. If only one such 
reservoir can be used in practice (e.g., the atmosphere 
or the ocean) the conversion of the maximum available 
chemical energy AF, into either electrical or mechanical 


4In the ordinary theory of rockets, AH is always positive and 
therefore equal to H; — H, rather than to H, — H;, as it is com- 
monly used in thermochemistry. In order to conform with the 
rocket engineers’ use of AH we likewise assign to AF, the posi- 
tive sign when this amount of free enthalpy is liberated during the 
reaction. 
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energy can only be achieved through isothermal proc- 
esses; e.g., isothermal expansion during which some 
heat is extracted from the surrounding medium or reser- 
voir. 

In the conventional rocket motors the conversion 
of the chemical energy into propulsive energy is con- 
ducted in two steps, namely, (a) combustion or chemical 
reaction, with generation of elevated temperatures, 
and (b) expansion, which, to be reversible, may be 
isentropic, or isothermal followed by isentropic. Since 
process (a) is necessarily irreversible, the full amount 
AF, of chemical energy available cannot be converted 
into useful energy by the conventional process (a), (b). 

An example for which AF, > AH is given by the reac- 
tion 


for which, at 18 C, AH = +26.39 kcal/gram mole, and 
AF, = +32.79 keal/gram mole. 


(8): AF, = AH is nearly realized in the reaction 


for which, at 18 C, AH = +94.03 keal/gram mole and 
AF, = + 94.24 keal/gram mole. 


(y): AF, < AH, a subcase expressed by the reaction 
H, 1/.02 = H,O {19] 


for which at 18 C, AH = 68.37 keal/gram mole, and 
AF, = +56.69 keal/gram mole. 

In this subcase it should be pointed out that, although 
often the heat of reaction AH is considerably greater 
than the change in free enthalpy, there is no process 
which permits converting the full amount of heat into 
useful mechanical or electrical energy, except if we 
introduce additional components into the reaction 
[19]; e.g., inert working gases. In doing so, the sub- 
case (a) is again obtained. 


2 Heat of Reaction, AH +0 


The simplest example is an ideal gas which, at the 
absolute temperature 7, of the surrounding medium, is 
expanded from the elevated pressure p; to the lower 
pressure Since E; = E, and p,V; = pywVy = RT), 
we have AH = 0 but AF, equal to the heat borrowed 
from the surrounding medium, which is greater than 
zero (Equation [10)]). 

The isothermal expansion of a compressed gas may 
be used to operate what the author has called an iso- 
thermal hydroduct. A description of the operation and 
of the thrust and specific impulse achieved by the 
isothermal hydroduct was given at the International 
Congress of Applied Mechanics in Paris in 1946. 


3 Heat of Reaction Negative, AH < 0 


The simplest example is perhaps the evaporation of a 
liquid at the temperature 7’, and the corresponding 
constant vapor pressure pg. It is clearly E, > E;, since 
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the heat of evaporation has been added to the system. 
Also = paV; > paV:i = piVi, since the final vol- 
ume V, is assumed to be greater than the initial volume 
V,. Consequently, H, = Ey + pV; > E; + piVi, and 
AH <0. However, AF, > 0, since this free enthalpy 
change is simply equal to pg(V; — V;). 

A special isothermal hydroduct, for instance, could be 
operated by injecting an easily evaporable liquid into 
the water flowing through the duct. 

A case which might become of interest in the dis- 
cussion of interplanetary travel or travel of a satellite 
around the earth is the use of the sun’s radiative energy. 
Through the use of mirrors or lenses on the satellite, 
the optimum temperature which can be achieved in the 
rocket chamber is near to the sun’s almost 6000 C. To 
maneuver a space ship, one only needs short bursts for 
which one might advantageously use the evapora- 
tion of a light element, Hs, He, or Li in the “sun’s fur- 
nace.” This, then, would constitute an example for 
Case 3. 


III Isothermal Processes in Pumping Systems 


The occasions when one may advantageously use 
isothermal processes in pumping systems are manifold, 
and a few qualitative suggestions are given here. 

When air or other gases are adiabatically compressed 
through ram effects in the diffusers of moving aero- 
ducts (ramjets), aeroturbojets, aeroturborockets, aero- 
pulses, etc., these gases are heated. In certain cases it 
may be useful to increase the density of the compressed 
gas in the stagnation cross section by carrying off this 
heat, and to conduct the ram compression more nearly 
isothermally. 

In systems employing liquids or moving through 
liquids (water), cavitation plays an important role. 
Cavitation in most cases affects performance adversely, 
but in some instances it may be used to good purpose; 
e.g., to properly adjust exit pressures for deep-running 
hydrojet engines. A survey of methods to either carry 
away or feed in heat for the purpose of checking cavita- 
tion or of enhancing it has never been carried out, but it 
is herewith suggested as an interesting and useful pas- 
time. 
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Thrust and Drag 


R. C. WEATHERSTON! 


Cornell Aeronautical Laboratory, Inc., Buffalo, N. Y. 


Nomenclature 


= thrust 

D = external drag 

T4 = available thrust = 7’ — D 

* = stream force = pA + mu 

A = cross-sectional area 

p = Static pressure(absolute) 

m = mass flow (m = intake mass flow, m, = exhaust mass 
flow) 

u = velocity 

f = skin friction drag on surfaces exposed to external flow 

¢ = axial component of the reaction to pressure and skin fric- 
tion forces exerted on any tangible surface between sta- 
tions (0) and (1) 


Stations (See Figs. 1a and 1b) 
0 = free stream 

1 = engine entrance 

€ = engine exit 


DESPITE the extensive bibliographies that have been 
built up in reference to the subject of jet propulsion, 
the practical matter of definition, allocation, calculation, 
and measurement of thrust and drag components is still 
so confused that it is seldom possible to compare or 
correlate performance information between the various 
types of jet engine discussed by the numerous investi- 
gators in this field. In an effort to satisfy, at least 
partially, what appears to be a real and urgent need 
for a primer on this subject, the simplified treatment 
given here may be considered as the Basic English 
which can be exacted out of the welter of specialized 
vocabularies that are now incorporated into the lan- 
guage of jet propulsion. 
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FIG. la 


FIG. lb 


DIAGRAMS OF JET ENGINE SHOWING STATIONS 


It is not purported that any new concepts are intro- 
duced in the following remarks, and, in fact, the con- 
tent appears trivial at first glance. Nevertheless, a 
clear and simple formulation is provided as to what one 
means precisely when the terms thrust, drag, available 
thrust, additive drag, etc., are used to describe the 
performance of jet engines. Of course, in addition, 
such a formulation thus clarifies how one must proceed 
to calculate or measure these quantities without liabil- 
ity of ambiguousness. 

Since there is nothing sacrosanct about the following 
preliminary codification, it is conceivable that a better 
way of defining the elements of this rapidly growing 
technology can be evolved, but it is felt that the fol- 
lowing discussion is coherent and consistent and 
furnishes at least one secure framework within which 
to study the many problems associated with jet 
propulsion. 

The available thrust of steady-flow jet engines can be 
calculated as the resultant of either the forces acting 
on all the tangible internal and external surfaces of the 
engine, or the forces acting on the air which flows 
through and around the engine. In the former case, 
the expression for available thrust can be written in the 
form 


Ta=F,—-Fi- pdA — —f......... (1] 
The terms of Equation [1] can all be measured or 


easily computed, but, with the exception of the last 
term, f, they cannot be distinctly identified as thrust or 
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drag components. In particular, the terms (4° pdA 
and ¢, which depend on the meridian contour of the ex- 
ternal surfaces, are retained in the equation even in the 
ideal case of an isentropic external flow. The impor- 
tance of this drawback can be fully realized when it is 
considered that the external shape of an engine enclo- 
sure is, to a large extent, a matter of compromise between 
design requirements of the airframe on which the engine 
is installed, rather than a characteristic property of the 
engine itself. Therefore, the use of Equation [1] is not 
convenient when various engines are compared from 
the standpoint of their characteristic performance. 

When the available thrust is calculated as the re- 
action to the forces that act on the air which flow 
through and around the engine, the following expres- 
sion ensues 


SK pdA — f = — Molo + 
Adpe — po) — (p — m) dA — f....[2] 


Ta =F, 


In isentropic external flow, the last two terms of Equa- 
tion [2] vanish. Thus, a grouping of terms suggests it- 
self, whereby 


D= — pm) dA [3] 


hence, remembering that 7, = T — D 
T = mle — + — [4] 


Equations [3] and [4] are arbitrary but convenient 
and compatible definitions of thrust and drag. Their 
compatibility is established by Equation [2]. The defi- 
nition of the external drag D as a quantity which 
vanishes in the absence of irreversible processes in the 
external flow is in accordance with aerodynamic prac- 
tice, and further is seen to lead to a definition of thrust 
which represents a distinct characteristic of the engine, 
independent of the shape of its enclosure. Thus the 
thrust 7 of any given engine is also the available thrust 
T, which this engine would produce in the ideal condi- 
tion of external isentropic flow, and as such, it repre- 
sents the limit of performance which could be ap- 
proached through aerodynamic refinement of its ex- 
ternal surfaces. 

In conclusion, the use of Equation [2] is to be recom- 
mended in preference to that of Equation [1] in the 
comparison of potential performance of engines of dif- 
ferent types as well as in the correlation of the experi- 
mentally measured and theoretically predicted per- 
formance of any given engine. 

The drag integral %,4* (p — po) dA may be resolved 
into the two components 


(I) (p po) dA 
which is usually referred to as “pressure drag,’’ and 
(II) (p po) dA 


to which the designation “additive drag’? had been 
applied by some authors (see References 1 and 2 at 
end of paper). 

Then Equation [2] may be written in the form 
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Ts = Mle — Moo + AL Pe — Po) — 


Available thrust Thrust 
(vp po) dA — (p — pe) dA 
Additive drag 
f 


Skin friction on 
external surfaces 


Pressure drag 


It can easily be verified from comparison of Equations 
[1] and [2’] that 
Additive drag = ¢ + F, — Fo — po (Ai — Ao) 


It must be noted that the additive drag is always 
present when free-stream compression of the working 
fluid occurs between stations 0 and 1, regardless of 
whether the external flow is subsonic or supersonic and 
of whether a central body, such as a spike diffuser, is 
present or not between these two stations. The separate 
computation of the additive drag is unnecessary when 
the entire external flow is isentropic, because in such 
case, as has been noted above, the drag D is zero (hence 
additive drag and pressure drag are equal but opposite 
in sign), i.e., 7, = T. 
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WANTED 


ENGINEERS and 
SCIENTISTS 


Unusual opportunities for outstanding and 
experienced men. 


These top positions involve preliminary and produc- 
tion design in advanced military aircraft and special 
weapons, including guided missiles. 


IMMEDIATE POSITIONS INCLUDE: 


% Boundary layer research scientists... 
% Electronic project engineers... 
% Electronic instrumentation engineers... 
% Radar engineers... 
% Flight-test engineers... 
% Thermodynamicists ... 
% Servo-mechanists . . . 
% Electro-mechanical designers. . . 
* Electrical installation designers ... 
Excellent location in Southern California. Gener- 
ous allowance for travel expenses. 
Write today for complete information on these essen- 
tial, long-term positions. Please include résumé of 


your experience & training. Address inquiry to Di- 
rector of Engineering, 


NORTHROP AIRCRAFT, INC. 


1041 E. Broadway, Hawthorne (Los Angeles County), Cal. 
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Jet Propulsion News 


C. F. WARNER, Purdue University, Associate Editor 
with the assistance of W. G. BOHL 


Rockets and Missiles 


OW hot or cold it is from 55 to 75 miles above the 
H earth may be determined by the Army Signal 
Corps through a new method for gathering facts about 
the weather, the Department of the Army announced 
recently. The new method employs an inflated sphere 
released after an 80-mile ride into space in an Aerobee 
rocket. The sphere, initially only partly inflated, is 
carried in a wooden cylinder just behind the nose cone 
of the rocket. Near the peak of the rocket flight, the 
four and a half foot nylon sphere, especially developed 
for these tests, isreleased. Air from a pressurized cylin- 
der finishes blowing up the sphere and gives it shape. 
Inclosed in the nylon sphere is an electronic transmitter 
capable of sending continuous signals to a ground 
station where the data is recorded. Temperatures in 
the upper atmosphere can be determined by measuring 
the rate of fall of the sphere. Neoprene-impregnated, 
and one-fiftieth of an inch thick, the sphere was made 
by the Goodyear Tire and Rubber Company of Akron, 
Ohio. 

Meteorologists now believe that at about 55 miles 
the weather starts warming up from its minus 28 degree 
Fahrenheit temperature to about 400 degree Fahrenheit 
at a height of 400 miles. Instrumentation of rockets is 
part of the Army Signal Corps research and develop- 
ment program. Data to be obtained are expected to 
help in study of atmospheric changes, long range com- 
munications, and design of new operating equipment. 


+ + 


The Air Force’s X-2 swept-wing, rocket-powered re- 
search plane has been delivered by Bell Aircraft Corp. 
to Edwards Air Force Base, California. The new 
plane, powered by a Curtiss-Wright Propeller Division 
15,000 Ib thrust rocket motor, has a K-Monel fuselage 
and stainless steel wings and tail. It is expected that 
the X-2 will reach an altitude of over 100,000 ft and a 
top speed of more than 1500 mph. 


+ + + 
A NORTHROP F-89 Scorpion has been equipped 
with new type wing-tip tanks which, in addition to 
carrying an auxiliary fuel supply, will house a number 
of proximity-fused air-to-air rockets. 
+ + + 


A ROTARY accelerator built at the Naval Ordnance 
Laboratory, White Oak, Maryland, can simulate 


accelerations in the 100 to 500 g range for several 
seconds, will be used to study effects of friction and 
inertia on rocket fuzes. Test items are mounted on a 
test arm, actuated by compressed air, which reaches 
full speed in the first 60 degrees of rotation. 

+ + 


AEROJET Engineering Corporation has five dif- 
ferent liquid propellant rocket engines designed, tested, 
and ready for quantity manufacture. One of these 
engines is now in production and others are being flight- 
tested by possible customers. No additional details of 
these developments have been released. 


+ + + 


IT is reported that rocket experiments are being con- 
ducted by a group of German scientists near Bremen. 
To date their tests have been deemed unsatisfactory be- 
cause of the “‘poor stability” of the missiles. One of the 
announced objectives of this work is to develop a rocket 
vehicle to carry loads such as mail for long distances. 


+ + 


An SO-6025 French jet fighter made its first flight 
June 10. The place is powered by a Nene turbojet and 
a SEPR rocket motor. No additional information has 
been released. 


Turbojet Engines 


THE Lycoming-Spencer Division of Aveo Manu- 
facturing Corporation has been awarded a contract 
by the Air Materiel Command, U.S. Air Force, for the 
development of a turboprop aircraft engine. The de- 
velopment program, upon which work is already in 
progress at the company’s Williamsport, Pa., plant, 
is the first in the gas turbine field to be undertaken by 
Lycoming, one of the nation’s oldest producers of en- 
gines for light- and medium-weight aircraft. 

The company’s turbine development activities are 
being directed by Dr. Anselm Franz, one of the world’s 
foremost jet engine authorities, who came to this coun- 
try from Germany following World War II. As head 
of the engine development division and a director of 
the Junkers Company in Germany, Dr. Franz designed 
and developed the famous Jumo 004 jet engine which 
powered the Messerschmitt ME 262 and was the world’s 
first mass-produced and combat-tested jet engine. 


~ + + 


THE Fiat Company of Modena, Italy, has been 


Epiror’s Note: The information reported in this Section has been selected from approved news releases originating with the 


Department of Defense, private manufacturers, universities, etc., and from published news accounts in journals and newspapers. 


The 


reports are considered generally reliable, although no attempt has been’made to verify them in detail. 
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com, 
; 


licensed to manufacture spare engine parts for Allison 
J35-A-29 engines in Republic F-84G Thunderjets 
sold to USAF and NATO countries. The license 
agreement was negotiated by representatives of the 
U. S. Air Force, Fiat. and Allison. Fiat is a manu- 
facturer of Italian motor cars and various other types 
of equipment. Approximately 70,000 people are 
employed by the company. 
+ + 


PERHAPS the outstanding engine of 1952 is the 
British high compression ratio Olympus. The basic 
arrangement of the turbojet’s two axial-flow com- 


pressors and turbines are shown in Fig. 1. The inner 
4 J 


FIG. 1. SCHEMATIC DIAGRAM OF THE OLYMPUS 


turbine and compressor are connected by means of a 
hollow shaft through which runs the independent shaft 
connecting the outer turbine and compressor. Al- 
though this arrangement requires more shafting, 
bearings, and weight than is used in one-compressor 
engines, the specific weight of the Olympus is 0.36 
lb/Ib thrust. 

The use of the double compressor makes it possible 
for the Olympus to achieve a high pressure ratio with- 
out the dangers of surging. The surging condition 
results from the stalling of rear rows of compressor 
blades. This condition is difficult to prevent when 
a large number of rows of fixed angle blades are turned 
at the same speed. The split compressor arrangement 
overcomes this difficulty by allowing the rear rows of 
blades, the second compressor, to run faster than the 
starting rows of blades. 

The Olympus exhibits extreme flexibility in control. 
The throttle may be opened and closed rapidly, in- 
creasing the thrust from idling to full power in 3 seconds 
or less. This performance is achieved without the 
use of blow-off valves, or ‘“electrickery.” 

The Olympus is reported to have a diameter of 40 in., 
and a length of 10 ft without afterburner. The turbo- 
jet weighs 3520 lb and develops 9750-lb thrust with a 
specific fuel consumption of 0.766 lb/Ib thrust hr. 

+ + 

SOCIETE Rateau of France is developing a turbojet 
engine, designated the Rateau SRA 301 Berry, that is 
expected to develop approximately 19,800-lb static 
thrust. 


Aircraft 


DOUGLAS Aircraft Company’s Long Beach Division 
will engineer and build the RB-66 jet reconnaissance 
bomber for the U. 8. Air Force, Donald W. Douglas, Jr. 
vice-president, military sales, announced. The RB-66 


is a twin-jet, swept-wing bomber developed for use 
of the Tactical Air Command. Based on the A3D, 
originally designed for the U. 8. Navy by the Deuglas 
El Segundo Division, the RB-66 will have a three-man 
crew. It will be in the 600-700-mph class. 
+ + 

THE Navy’s new Douglas F4D Skyray, see Fig. 2, 
is said to be one of the hottest interceptor aircrait 
in the world today. Thin planform or delta-type wing 
plus a huge advanced type of jet engine permit the 
F4D to climb rapidly to high altitudes. The fighter 
gained its name from its resemblance to the ocea- 
dwelling manta ray. Now undergoing flight testing 


FIG. 2. DOUGLAS SKYRAY, FAST JET-PROPELLED INTERCEPTOR 


for the Navy, the Skyray is scheduled for production 
at the Douglas El Segundo Division. 
+ + 
IT is reported that Douglas is ready to build a four- 
motored commercial jet transport by 1958. At the 
present time the company has a full-scale fuselage 
mockup for exhibition to prospective buyers. The 
plane will have a span of 127 ft and a fuselage length 
of 134 ft. It is expected that the jet liner will have a 
domestic range of 2500 mi at 560 mph, and will have a 
gross weight of 220,000 Ib. 
+ + 
WILLIAM M. ALLEN, President of Boeing Airplane 
Company, has announced that the Boeing Company 
has for some time been engaged in a company-financed 
project which will enable it to demonstrate a prototype 
jet airplane of new design to the Armed Services and the 
commercial airlines in the summer of 1954. 
+ + 
THE swept-wing XFJ-2 Fury has successfully com- 
pleted its first carrier suitability tests aboard the 
USS Midway off the Atlantic coast, the Navy has 
announced. A fast-climbing, better than 650 mile-an- 
hour jet, the Fury is in the early stages of production 
at North American Aviation’s Columbus, Ohio plant. 
The Fury is an advanced version of the FJ-1, the 
Navy’s first operational jet. Completely redesigned, 
however, the new airplane incorporates many improve- 
ments which have resulted from aerial fighting in Korea. 
It is powered by a General Electric J-47 GE-2 turbojet 
which is rated at over 5800-lb thrust. This is the same 
engine powering North American Sabre Jets which have 
racked up an 8-to-1 kill ratio over Russian-built 
MIGQ’s in Korea. 
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The Fury is armed with four 20-mm cannons and has 
a service ceiling above 45,000 feet and a range of about 
1000 miles. Demonstrating the increased complexity 
of modern aircraft, the new jet required more than 
370,000 engineering hours to make its first flight. It 
incorporates an especially designed wing with a 35- 
degree sweepback and a hydraulically powered ‘‘Fly- 
ing Tail.” 


New Facilities 


THE Phillips Petroleum Company has been desig- 
nated by the U. S. Air Force as the operator of the 
Bluebonnet Plant, McGregor, Texas, for the production 
of solid propellant JATO units. According to the 
USAF, Phillips was selected after detailed considera- 
tion of more than 30 firms. Phillips has created a 
Rocket Fuels Division staffed by key administrative 
and technical employees of the company, and by trained 
solid propellant experts. In addition to this division, 
which will conduct the full-scale development and 
manufacturing program, the efforts of a large technical 
group in the company’s research division is devoted to 
the basic development of propellants using petroleum 
products which have extremely large potential availa- 
bility. 

Although initial research operations are being con- 
ducted in Bartlesville, all but the research work will 
soon be transfered to the plant at McGregor, Texas. 
This facility, formerly known as the Bluebonnet Ord- 
nance Plant, was built by the Government during World 
War II and operated as a bomb-loading plant until 1945. 
The use of this plant will mean a substantial saving 
in time and money in establishing production of the 
urgently required JATO units, since there are many 
facilities in the plant which can be readily adapted to 
the program. 

E. F. Kindsvater, who has been named the manager 
of the new project, formerly headed the engineering 
and chemical engineering departments of Phillips 
Petroleum Company. Emil A. Malick, who will 
be assistant manager, previously served Phillips as 
technical consultant and as supervisor of jet develop- 
ment activities. 


+ + 


CONSTRUCTION of facilities related to the even- 
tual development of nuclear propulsion for aircraft 
has been authorized by the U. S. Atomic Energy 
Commission. ‘Testing facilities will be built at the 
AEC’s National Reactor Testing Station in Idaho. 
The new facilities are estimated to cost approximately 
$33,000,000 and construction is scheduled to begin 
this summer, it was announced by AEC General 
Manager M. W. Boyer. During the peak of con- 
struction, about 1000 workers will be employed and 
about 200 employees will be required for operations. 

Preliminary design studies for the AEC ground 
test station have been performed by the Parsons- 
Macco-Kiewit Company of Los Angeles, Calif., under a 
subcontract with General Electric. The design, de- 
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velopment, and fabrication of the prototype aircraft 
propulsion reactor are being carried out by the Air- 
craft Gas Turbine Department of General Electric 


at Lockland, Ohio. The nuclear phases of the project 
parallel the associated nonnuclear propulsion devices 
being developed by General Electric under an Air 
Force contract. 


+~ + + 


PRATT & Whitney Aircraft, already deeply engaged 
in turbojet engine production and development, will 
further extend its range in the jet field by developing 
and building ramjet engines for high-speed guided 
missiles. The company’s entry into ramjet develop- 
ment rounds out completely Pratt & Whitney Air- 
craft’s program in building all types of air-burning 
engines. The ramjet project, undertaken for the 
United States Navy, will involve development of 
various types of ramjet engines. 

Pratt & Whitney Aircraft will have the advantage 
of six years of research on ramjets which has already 
been done at East Hartford by the Research Depart- 
ment of United Aircraft Corporation. United Air- 
craft undertook, under the Navy’s auspices, a ramjet 
engine research program in 1946 and has been working 
on it ever since. A new laboratory, built exclusively 
for study of ramjet burners, has been operated by 
United Aircraft’s research department since April 6, 
1950. The facility is located at the east side of the 
department’s wind tunnel at Rentschler Airport. 

The ramjet laboratory, or test stand, a joint project 
of the Navy’s Bureau of Aeronautics and United Air- 
craft, will continue on this work as part of Pratt « 
Whitney Aircraft’s ramjet program. Many of the 
people who have been engaged on the research de- 
partment project will be transferred to P & WA’s 
organization. In addition, P & WA’s Andrew Willgoos 
Turbine Laboratory in East Hartford will be expanded 
within the next few months to accomodate the ramjet 
program. 


New Equipment 


THE Maxim Silencer Company of Hartford, Con- 
necticut, a pioneer in the development of acoustical 
devices for the suppression of noise, and a producer of 
silencers for the first turbojet engines developed in the 
United States, has developed a silencer which it claims 
can satisfactorily attenuate noise from a jet engine 
installed in an aircraft. This silencer, Model VP, is 
already in use at the Lockheed Aircraft Plant in Bur- 
bank, Calif. 

Turbojet engines, especially those with afterburners, 
operate at a noise level that is extremely dangerous 
to anyone working in the immediate vicinity of their 
exhaust. Until recently, it was impossible to gage 
this noise accurately because there were no ijnstru- 
ments capable of recording the intensities produced. 
Such equipment is now available, however, and it 
seems quite well established that a turbojet with after- 
burner produces a noise level of approximately 165 
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decibels, and that the same engine without afterburner 
is likely to have a noise level of 135 decibels. While a 
human being wearing ear plugs or ear flaps might work 
in the vicinity of a noise level of 135 decibels for a short 
periods of time, exposure to a noise level of 150 decibels 
or above for even a short time may cause permanent 
injury and even death. Both levels are far above the 
85-decibel level at which the Medical Corps of the 
United States Army says a worker can operate con- 
tinuously without permanent injury. Maxim says 
that by simply increasing the length of the silencer it 
“fs able to provide as little or as much noise attenua- 
tion as is necessary for the installation, depending upon 
its location with respect to private homes,” etc. 

The Maxim VP silencer is cylindrical in shape with 
an unobstructed cylindrical central passage which 
permits relatively high flow velocity with a minimum 
of back pressure. This central passage consists of two 
concentric tubes of perforated carbon steel, stainless 
steel, or Inconel running the entire length of the 
silencer. Between these tubes, glass wool, nickel wool, 
or copper wool is packed to absorb high-frequency 
noises. The space between the outer perforated tube 
and the outside shell of the silencer is divided by headers 
into chambers acoustically designed to attenuate low- 
frequency noises. This is the only unit available which 
offers both high- and low-frequency attenuation. 
While high-frequency attenuation is readily obtained 
through the use of splinter panels and other devices, 
low-frequency noise, which is extremely severe in a 
turbojet engine, can be controlled only by silencers 
employing resonating chambers. 

The problem of silencing jet engines is complicated 
by the necessity of reducing the high temperatures 
they generate without increasing the velocity through 
the silencer. Exhaust temperatures, as high as 1500 
F without an afterburner, and around 3000 F with an 
afterburner, can be reduced to 450 F, thus permitting 
the use of relatively inexpensive materials, by the use 
of a water spray or by the addition of secondary air. 
However, since the addition of secondary air would 
increase the volume to be handled, necessitating the 
use of a large silencer if flow velocity is to be kept 
below 400 fps (greater velocities create new noises), 
Maxim recommends the use of a water spray in order 
to permit the use of a smaller silencer. However, the 
addition of some secondary air is both desirable, to 
permit the evaporation of the water spray, and un- 
avoidable. It is not possible to connect the engine 
perfectly to the approach pipe and water spray leading 
to the silencer, but North American Aviation has 
determined that jet engines will operate satisfactorily 
with secondary air held to a quantity equal to the dis- 
charge of the engine. 

Besides those mentioned, Maxim has units operating 
in test stands developed for the Navy Department, the 
National Advisory Committee for Aeronautics, and in 
the plants of many manufacturers of engines. It is 
also furnishing all the silencers for the experimental 
test stands and the production test stands at the 
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Wright Aeronautical Corporation in Wood-Ridge, 
N. J., where the British Sapphire J-65 engines will be 
built. 


+ + 


AERODYNAMIC research on supersonic aircraft 
and guided missiles is being aided by a General Electric 
dewpoint recorder installed by the National Advisory 
Committee for Aeronautics in one of the nation’s 
largest supersonic wind tunnels at Langley Field. Va. 
The G-E instrument, which automatically and con- 
tinuously measures and records dewpoint tempera- 
tures, helps to guard against the condensation of 
moisture which causes flow disturbances in the test 
section of the 4 X 4-ft supersonic pressure tunnel. 

In attaining velocities up to twice the speed of 
sound, the air in the test section expands rapidly. 
This causes a sharp drop in temperature to values of 
—100 F or lower, depending on operating conditions. 
Moisture condensation in the test section tends to go 
up in proportion to the drop in temperature. To 
guard against this, the G-E recorder is used to monitor 
the tunnel air to determine the rate at which dry air 
must be bled into the tunnel to keep the moisture 
content low enough to avoid excessive condensation. 

The complete dewpoint recorder at Langley Aero- 
nautical Laboratory is enclosed in a single floor- 
mounted steel cabinet. It consists basically of a tem- 
perature recorder, a gas chamber, an electronic unit. 
a two-stage refrigeration system, controls, a chamber 
light source, and phototubes. Air, pulled in from the 
wind tunnel, goes through the gas chamber and over a 
refrigerated mirror which is located in a phototube 
system. Moisture in the air forms a dew spot on the 
mirror and a resulting decrease in reflected light which 
is measured by the phototubes. Signaled by the photo- 
tubes, the refrigeration is regulated to maintain the 
mirror at a temperature which will permit a dew spot 
to form but not to grow. This temperature, the dew- 
point temperature, is transmitted to the recording 
unit by a thermocouple mounted directly on the mirror. 


New Student Rocket Society Is Formed 


The Student Rocket Society, a nonprofit scientific 
and educational organization, has recently been organ- 
ized on a national scale by Alfred D. Goldenberg and 
a group of interested students. ARS member, Z. A. 
Thypaldos, assisted in the formation of the Student 
Rocket Society and is now an Adviser of the Society. 
The purpose of the SRS is to encourage in high school 
and college students an interest in the fields related to 
rocketry and astronautics. Mr. Goldenberg believes 
that the great number of engineers and scientists needed 
in the jet propulsion industry cannot be supplied by 
the colleges and universities unless today’s students 
become interested in the field. At the present time, 
the Student Rocket Society has sections in California, 
New York, Ohio, Illinois, and Maryland. Mr. Gold- 
enberg, of 1673 Via Solida, Palm Springs, Calif., is 
the Society’s National President. 
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American Rocket Society News 


H. K. WILGUS, Associate Editor 


Full 3-Day Program Scheduled for ARS 
Seventh Annual Convention, December 


3-5, at McAlpin Hotel, New York, N. Y. 


‘HE American Rocket Society will 
hold its seventh Annual Convention 

on December 3-5, 1952, at the McAlpin 
Hotel, New York, N. Y., in conjunction 
with the ASME Annual Meeting which is 
being held concurrently at the nearby 
Hotel Statler, New York, N. Y. The 
fund of new information scheduled for 
discussion at the five technical sessions— 
a! which 20 papers will be presented—is 
al indication of how well the Society re- 
flcts the nation’s progress in rocket 
and jet propulsion. 

Registration will begin on Wednesday, 
December 3, at 9:00 a.m. Those at- 
tending technical sessions must register at 
the Registration Desk at the McAlpin 
Hotel, Broadway at 34th St., New York, 
\. Y. There is no fee for members of the 
ARS or of the ASME. For all others a 
fee of $5 will be charged for admission to 
one or all of the technical sessions. 
Payment of registration fee is not required 
for attendance at iuncheons, dinners, and 
inspection trips. 

The Annual Business Meeting will occur 
at 10:00 a.m., Wednesday, followed at 
12:15 p.m. by the Section Luncheon (open 
to representatives and officers of the Soci- 
ety). 

The technical program follows: 


Session I 

2:30 p.m., Wednesday, December 3: 

Chairman: E. L. Hull, General Electric 
Company, Schenectady, N. Y. 

Vice-Chairman: R.J. Thompson, The M. 
W. Kellogg Company, Jersey City, N. J. 

A Survey of Combustion Instability in 
Liquid Propellant Rocket Engines, 
by R. S. Levine and R. B. Lawhead, 
North American Aviation, Inc., Aero- 
physics Laboratory, Downey, Calif. 

A Simplified Combustion Analysis System, 
by R. Neumann, D. Dembrow, W. Berl, 
and R. Prescott, Applied Physics 
Laboratory, The Johns Hopkins Univer- 
sity, Silver Spring, Md. 

Combustion Studies in Rocket Motors, by 
K. Berman and 8. H. Cheney, General 
Electric Company, Malta Test Station, 
Schenectady, N. Y. 


Session II 
9:30 a.m., Thursday, December 4: 
Chairman: F. C. Durant III, Vice- 
President, American Rocket Society. 
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Vice-Chairman: A. G. Haley, General 
Counsel, American Rocket Society. 

The Atmospheres of Earth and Mars in 
the Light of Recent Physiological Con- 
cepts, by H. Strughold, U.S.A.F. School 
of Aviation Medicine, Randolph AF 
Base, Texas. 

Escape and Survival in the Border Zone 
of Space, by F. Haber, U.S.A.F. 
School of Aviation Medicine, Randolph 
AF Base, Texas. 

Establishment of Large Satellites by 
Means of Small Orbital Carriers, 
by K. A. Ehricke, Redstone Arsenal, 
Huntsville, Ala. 

Rockets Behind the Iron Curtain, by 
G. P. Sutton, North American Aviation, 
Inc., Downey, Calif. 


Session III 

2:30 p.m., Thursday, December 4: 

Chairman: C. F. Warner, Purdue Univer- 
sity, Lafayette, Ind. 

Vice-Chairman: R. L. Duncan, 
Branch, Office of Naval Research, 
Washington, D. C. 

Application of the Ramjet to Aircraft 
Propulsion, by M. 8S. Harned, Mar- 
quardt Aircraft Company, Van Nuys, 
Calif. 

Application of Analogue Techniques to 
Control Design for Aircraft Engines, by 
W. C. Schaffer, Wright-Aeronautical 
Corp., Wood Ridge, N. J. 

Determination of Pressure Time Curve 
for Motors of Gun-Launched Rockets, 
by E. F. Lype, Armour Research Foun- 
dation, Chicago, II. 

Telemetry Instrumentation for Rocket 
Flight Tests, by R. P. Haviland, 
General Electric Company, Schenec- 
tady, N. Y. 

7:30 p.m., Thursday, December 4: 

HONORS NIGHT DINNER 


Power 


Speaker: Lt. Gen. Laurence C. Craigie, 
U.S.A.F., Deputy Chief of Staff for 
Development. 

Subject: On the Practical Translation of 
Rocket Power to Air Power. 


Awards: 

R. H. Goddard Memorial Award to R. W. 
Porter, General Electric Company. 

C. N. Hickman Award to A. L. Antonio, 
Aerojet Engineering Corp. 

G. Edward Pendray Award to M. J. 
Zucrow, Purdue University. 

Student Award to Richard W. Foster, 
Purdue University. 


Session IV 

9:30 a.m., Friday, December 3: 

Chairman: Martin Schilling, Redstone 
Arsenal, Huntsville, Ala. 

Vice-Chairman: R. B. Foster, Bell Air- 
craft Corp., Buffalo, N. Y. 

The Evaluation of Competing Rocket 
Power Plant Components for Two- 
Stage Long-Range Vehicles, by A. L. 
Feldman, Consolidated Vultee Aircraft 
Corp., San Diego, Calif. 

Design of Liquid Propellant Booster 
Rockets, by Powel Brown, M. W. 
Kellogg Co., Jersey City, N. J. 

The Effect of Variation of Propellant Den- 
sity on Rocket Performance, by J. Lorell 
and A. R. Hibbs, Jet Propulsion Labora- 
tory, California Institute of Technology, 
Pasadena, Calif. 

Hydrogen Peroxide, Problems and Operat- 
ing Procedures, by G. N. Meckert, 
Air Force Flight Test Center, Edwards 
Air Force Base, Edwards, Calif. 

Effect of Pump Performance on Liquid 
Propellant Rocket Design, by J. E. 
Zimmerman, Rocket Section, Non- 
Rotating Engine Branch, Wright Air 
Development Center, Wright-Patterson 
Air Force Base, Dayton, Ohio. 


12:15 p.m., Friday, December 35: 
AMERICAN ROCKET SOCIETY LUNCHEON 
Speaker: W.E. Zisch, Aerojet Engineer- 

ing Corp., Azusa, Calif.; Subject: 

Future Engineering Needs of the 

Rocket Industry. Speaker: Wernher von 

Braun, Redstone Arsenal, Huntsville, 

Ala.; Subject: Space Superiority, A New 

Concept for Preservation of World 
Peace. 


Session V 

2:30 p.m., Friday, December 5: 

Chairman: R. C. Stiff, Aerojet Engineer- 
ing Corp., Azusa, Calif. 

Vice-Chairman: R. Youngquist, Reaction 
Motors, Inc., Rockaway, N. J. 

Ignition of Fuel With Nitric Acid, by 
K. C. Halliday, Eclipse Pioneer Div., 
Bendix Aviation Corp., Teterboro, N. J. 

The Effect of Chemical Reactions Upon 
Predicted Performance of Rocket Mo- 
tors, by R. F. Potter, Bell Aircraft 
Corp., Buffalo, N. Y. 

The Nitric Acid Ammonia Propellant 
Combination for Rockets, by R. J. 
Thompson, The M. W. Kellogg Com- 
pany, Jersey City, N. J. 

A Modified Sodium Line Reversal Tech- 
nique for Measurement of Combustion 
Temperature in Rocket Engines, by 
M. F. Heidmann and R. J. Priem, 
National Advisory Committee for Aero- 
nautics, Lewis Flight Propulsion Labora- 
tory, Cleveland, Ohio. 
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Third IAF Congress in 
Stuttgart Attracts 200 
Scientists 


ARS Participates 


MERICAN Rocket Society delegates 
were among the 200 scientists who par- 
ticipated in the Third International Astro- 
nautics Federation Congress held at 
Stuttgart, Germany, Sept. 1-6, 1952. 
Representatives of rocket societies from 
Great Britain, Germany, Switzerland, Italy, 
Sweden, Argentina, Norway, Denmark, 
Holland, and the United States were pres- 
ent. Societies were reported to be forming 
in Japan, Australia, and Egypt. 

Eugen Saenger, IAF President, presided 
over the six-day program, and was assisted 
by Vice-Presidents Andrew G. Haley 
(American Affairs), ARS General Counsel, 
and Guenter Loeser (European Affairs); 
and Josef A. Stemmer, Secretary. F. C. 
Durant III, ARS Vice-President, repre- 
sented the Society’s interests at the Con- 
gress. 

IAF affairs occupied the first two days 
of the Congress. A constitution stating 
the aims and By-Laws of the Federation 
was reviewed and adopted unanimously. 
The American Rocket Society was elected 
to the Council as voting member for the 
United States. The Pacific Rocket So- 
ciety and the Reaction Research Society, 
which had been represented at the 1951 
Congress in London, were elected mem- 
bers, as was the Chicago Rocket Society. 
Plans were made for study of the problem 
of a standard method of library classi- 
fication for the subject of space travel. 
A program was initiated to standardize 
nomenclature and symbols among member 
societies. 

Officers of the IAF for 1953 were elected 
as follows: President: Eugen Saenger; 
First Vice-President: Andrew G. Haley, 
ARS General Counsel; Second Vice- 


President: Leslie R. Shepherd, technical 
director, British Interplanetary Society; 
and Secretary: Josef A. Stemmer, Presi- 
dent of the Swiss Astronautical Society. 
Special recognition was accorded to Guen- 
ter Loeser for his outstanding work in 
handling business matters of the Federa- 
tion during the past year. Marvin Hobbs, 
treasurer of the ARS Washington-Balti- 
more Section, and Miss Franki L. van der 
Wal (ARS Southern California Section) 
were guests for these sessions. 


ARS Papers Presented 


The next two and one-half days were 
devoted to the presentation of technical 
papers. The ARS contributions to these 
sessions were: “On Optimizing the Com- 
ponent Proportions of High Performance 
Rockets,” by R. A. Cornog and F. L. 
van der Wal (presented by Miss van der 
Wal); “Exposure Hazard from Cosmic 
Radiation at Extreme Altitude and in 
Free Space,” by Hermann J. Schaefer, 
U.S. Naval School of Aviation Medicine, 
Pensacola, Fla.; and ‘Establishment of 
Large Satellites by Means of Small 
Orbital Carriers,” by Krafft A. Ehricke, 
Redstone Arsenal, Huntsville, Ala. Ata 
special open meeting, F. C. Durant III 
presented a paper for Wernher von 
Braun, entitled “Space Travel—An In- 
ternational Task.” 

The Congress closed with a banquet at 
which the Oberth Medal of the German 
Society was awarded to Dr. von Braun. 
The presentation was accepted by Cmdr. 
Durant in Dr. von Braun’s absence. 
Throughout the entire proceedings of the 
Congress a strong feeling of good will 
was evident among the delegates. Lan- 
guage barriers seldom existed and the inter- 
national aspect of the meetings was most 
stimulating. 

The IAF plans to hold its next Congress 
on Aug. 10-15, 1953, in Zurich, Switzer- 
land. 


PrincipaL DELEGATES PRESENT aT IAF ConGREss 


Prof. T. M. Tabanera 
Mrs. H. Balado 


Osterreichische Gesellschaft fiir Weltraum- Prof. Dr. Friedrich Hecht 


E. Buch Andersen 
Prof. Dr. Karl Schutte 
Dr. jur H. Gerlach 
Prof. Dr. H. Konig 
Hans K. Kaiser 


H. F. Michielsen 
Prof. Antonio Eula 
Glauco Parte] 

Johan Nicoll 

Ing. Ake Hjertstrand 


Argentina Sociedad Argentina Interplanetaria 
Austria 
forschung 

Denmark Dansk Selskab for Rumfarts-Forskning 
Germany Gesellschaft fiir Weltraumforschung 

N. W. Deutsche G.f.W.* 
Holland Nederlandse Vereniging voor Ruimtevart Dr. ing J. M. J. Kooy 
Italy Associazzioni Italiana Razzi 
Norway Norsk Interplanetarisk Selskap 
Sweden Svensk Interplanetarisk Selskap 
Switzerland 


meinschaft 


United Kingdom British Interplanetary Society 


U.S. A. American Rocket Society 


Pacific Rocket Society 


Reaction Research Society 


Detroit Rocket Society 


Schweizerische Astronautische Arbeitsge-. Ing. Josef A. Stemmer 


Dr. Rudolf Brunner 
Arthur C. Clarke 

Dr. Leslie R. Shepherd 
John Humphries 

L. J. Carter 

F. C. Durant III 

A. G. Haley 

(By proxy) H. J. Kaeppeler 
‘H: J. Kaeppeler 

H. J. Kaeppeler 


* Now amalgamated with the larger Stuttgart Society. 
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Successful ARS Fall 
Meeting Held in Chicago 


HE most successful Fall meeting 

of the American Rocket Society was 
held at the Hotel Sheraton, in Chicago, 
Il]., on September 9 and 10. The meeting 
was held in conjunction with the Centen- 
nial of Engineering. Three sessions were 
held and all were fully attended. 

At the first session held on the morning 
of September 9 the following papers were 
presented: ‘Upper Atmosphere Research’ 
by Dr. Homer Newell; “The High 
Altitude Sounding Rocket’? by Milton 
Rosen and R. B. Snodgrass; and “Ex- 
posure Hazards from Cosmic Radiation 
at Extreme Altitude and in Free Space’ 
by Dr. H. J. Schaefer. 

Spirited discussion from an audience 
of over 120 closed the session. 

The second session held in the after- 
noon of September 9 was devoted to 
problems associated with space travel. 
“The Satellite Vehicle’? was discusse 
by Dr. Wernher von Braun, and Dr. 
Heinz Haber presented some of the 
problems that may be encountered in 
“Manned Flight at the Borders of Space.”’ 

The overflow attendance, exceeding 
250 people, completely filled the lecture 
room, with several listeners standing 
through the session. Both Dr. von 
Braun and Dr. Haber answered numerous 
questions from the audience. 

The third session, held on the morning 
of September 10, was devoted to tech- 
nical aspects of air-burning jet propulsion 
engines and rocket engines. The session 
was well attended, over 120 people being 
present, and the discussion period was 
quite active. The following papers were 
presented: “Problems of Development 
of Ram Jets for Supersonic Application,” 
by J. O. Charshafian; “The Pulse Jet 
as a Present Day Power Plant,” by 
Brooks Morris; ‘On Stability and Control 
of Liquid Propellant Rocket System,”’ 
by Y. C. Lee; and “Experimental In- 
vestigation of Performance of WFNA- 
JP-3 Rocket Motors at Different Com- 
bustion Pressures,’’ by Dr. M. J. Zucrow 
and C. M. Beighley. 

Much favorable publicity was given 
to the papers presented at the Tuesday 
session by the Chicago newspapers. 


New Mexico-West Texas 
Section Elects Board of 
Directors 


OLLOWING up the election of 1952 

officers at their previous May meet- 
ing, the New Mexico-West Texas Section 
held a business meeting on July 31, 1952, 
to select a Board of Directors and appoint 
several committees, 

The following members were elected 
to serve on the New Mexico-West Texas 
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Section Board of Directors: Brig.-Gen. 

Eddy, R. F. Fearn, D. M. Cottler, 

L. W. Gardenhire, J. 8. Piech, L. D. White, 

and H. L. Karsch, former Section president. 

Publicity, Membership, and Program 

Planning Committees were also appointed 
and organized. 


Tombaugh Speaks at Open Meeting 


The New Mexico-West Texas Section 
had an open meeting on Oct. 30, 1952, 
at the Brannigan Library Auditorium, 
Lus Cruces, N. Mex., at which a large 
audience attended to hear Clyde W. Tom- 
baugh speak on “Is There Life on the 
Other Planets?” 

Mr. Tombaugh, who is with the Flight 
])etermination Laboratory at White Sands 
Proving Ground, was formerly a staff 
member at the Lowell Observatory, and 
\ hile there he discovered the planet Pluto. 

A full report of this meeting will be 
included in the next issue of the JoURNAL. 


P. R. Bassett Addresses 
New York Section 
Meeting 


P R. BASSETT, president of the Sperry 

* Gyroscope Company, was the guest 
speaker at the monthly meeting of the 
ARS New York Section held on Oct. 17, 
1952, in the Engineering Societies Building, 
New York, N. Y. More than 150 mem- 
bers and guests gathered to hear Mr. 
Bassett give a talk on “Aircraft and 
Missile Guidance and Control.’’ Michael 
Samek, of the M. W. Kellogg Company, 
Jersey City, N. J., presided. 

The main part of Mr. Bassett’s talk 
was taken up with an account of how 
servo systems have developed in the spe- 
cial field of controlling vehicles in the air. 
The history of quick-reacting servos, he 
pointed out, is intimately tied up with 
the gyroscope. When Mr. Sperry in 
1910 built his first gyrocompass, one of 
the important elements of its success was a 
servo system than called the ‘follow-up 
system.’’ Another early application of 
the gyroscope, Mr. Bassett stated, was 
its function as a stabilizer for airplanes. 

When World War I broke out in 1914, 
military flying quickly degenerated from 
the expected straight and level courses 
for reconnoitering to dog fighting and 
extreme maneuvering, and the stabilizer 
went into a _ secret category, Mr. 
Bassett said. The story is briefly that 
the Navy gave to Sperry in 1915 what 
was probably the first contract ever placed 
for a guided missile, he said. During 
those war years this development was 
perfected to the point where the missile 
could be launched by catapult. After 
World War I, for about ten years, auto- 
matic control of airplanes was relegated 
to doing odd jobs, such as flying small 
airplanes for artillery practice. But when 
multiengined airplanes started to carry 
passengers and fly long distances, the need 
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of the automatic pilot came in to relieve the 
human pilot from fatigue. 

In the 1930’s electronics entered the 
field of servo systems and quickly spread 
into gun controls, searchlight controls, 
and, finally in 1940, to airplane automatic 
pilots—a revolution in servomechanisms. 
However, Mr. Bassett cautioned the 
audience, servo systems and electronics 
should never be considered synonymous. 

The speaker concluded by pointing 
out that servos are now so competent 
that they are no longer assistants to the 
human. So we now have, he stated, in 
rockets and guided missiles a remarkable 
reversal in the realm of pioneering where 
the servomechanism goes out on its own 
and reports back to the man on the ground. 


Rockets, Past and Future, 
Discussed at Washington- 
Baltimore Section 
Meeting 


= 200 persons were present at the 
September meeting of the Washing- 
ton-Baltimore Section of the American 
Rocket Society held on September 26 at 
the Department of Commerce Auditorium 
in Washington, D. C. The meeting was 
announced as a local observance of the 
Centennial of Engineering and was open 
to the general public. 
Two papers were presented at the met- 


ing. Joseph W. Siry of the Rocket Sonde 
Research Branch, Naval Research Lab- 
oratory, spoke on ‘‘Twentieth Century 
Rocket Research.’’ Fred C. Durant III, 
Vice-President of the American Rocket 
Society, spoke on ‘‘Rockets and Space 
Flight.”’ 

Mr. Siry traced the history of rockets 
from their early beginnings in the fire arrow 
to the present giants such as the V-2 and 
the Viking. Through the use of slides, Mr. 
Siry showed how the great accomplish- 
ments of the twentieth century stemmed 
from the work of Goddard and of the 
American Rocket Society in this country, 
and from the work of Oberth and the 
Verein fiir Raumschiffahrt in Germany. 

Mr. Durant spoke on the formation of 
the International Astronautics Federation 
and of the work it was doing in the promo- 
tion of space flight. 


ARS Group Forming in 
San Francisco 


NVITATIONS have been sent to 1800 
interested persons to attend the organi- 
zational meeting on Nov. 20, 1952, of a 
new ARS group forming in San Francisco, 
Calif. A. L. Antonio, of the Aerojet 
Engineering Corporation, and winner of 
the 1952 C. N. Hickman Award, will be 
the guest speaker for the meeting. 
A full report of this meeting will be in- 
cluded in the next issue of the JOURNAL. 


MODEL 408 
RECORDING OSCILLOGRAPH 


FOR VIBRATION, TEMPERATURE, STRESS, STRAIN ANALYSIS 


After conducting a na- 
tion-wide survey among 
the users of oscillograph 
equipment and carefully 
considering the problems 
which have confronted 
them for a number of 
years, Century is proud 
to offer the Model 408 
Oscillograph. This Oscil- 
lograph has been de- 
signed and built ex- 
pressly for mobile and 
airborne operation. As 
with all Century products, 


this oscillograph incorporates the utmost in modern design and work- 
manship, yet it remains simple in its operation and maintenance. 


Write for Bulletin CGC-302 


GEOPHYSICAL CORPORATION 


TULSA, OKLAHOMA 


Dayton 2, Ohio 


Philadelphio 40, Po Los Angeles 18, Calif. 


Dallas, Texas, 149 Broadway, N. Y. City 
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Technical Literature Digest 


H. S. SEIFERT, California Institute of Technology, Associate Editor 


Contrisutors: D. Altman F. C. Gunther 
D. I. Baker H. S. Seifert 
R. B. Canright F. H. Wright 


Book Reviews 


Rapvio Astronomy, by B. Lovell and J. A. 
Clegg, John Wiley and Sons, Inc., 
N. Y., 1952, 238 pp. $4. 


Reviewed by J. L. GREENSTEIN 
California Institute of Technology 


This interesting book describes the 
techniques, results, and theories of the 
new and rapidly growing field of radio 
astronomy. After pioneer investigations 
in the United States (Jansky in 1932 and 
Reber in 1940), the center of activity 
shifted to England (Cambridge, Man- 
chester) and to Australia. Excellent 
bibliographies and summarizing reports 
have been issued (Cornell, Sydney, 
URSI). Lovell and Clegg have pub- 
lished the first nontechnical survey, and it 
can be recommended as of very general 
interest. 

The book begins with a brief outline of 
elementary astronomy and of the methods 
of active (radar) and passive radio detec- 
tion of celestial objects. It describes the 
elaborate antenna arrays, large parabolic 
collectors, and interferometer arrays now 
in use; the very recent phase-switching 
interferometer (Ryle) is omitted. The 
elegant means are described which per- 
mit accurate measurement and _ position 
determination on signals which are only 
one-thousandth of receiver noise power; 
recent work carries below this level. 

The interests of the authors result in a 
somewhat disproportionate emphasis on 
the results of radar observations of meteor 
distances, velocities, and orbits. Day- 
light meteor showers exist of greater 
activity than any of the well-known night 
showers. Meteor velocities have been 
shown all to be less than the parabolic 
limit; i.e., meteors belong to the solar 
system. Interesting theoretical and ob- 
servational studies of the ion cloud pro- 
duced by the meteor give new information 
about the physics of the ionosphere and 
about high-altitude winds. 

The radio noise generated by the sun is 
discussed with respect to (1) the ‘‘quiet”’ 
solar thermal radiation from the corona, 
and (2) the fluctuating sunspot, flare, and 
coronal noise bursts and storms that reach 


enormous intensity (equivalent to thermal 
emission at 10!2 or 10'* K). Solar radio 
noise can jam radar and television and 
must ultimately be taken into account in 
long-range rocket or satellite control sys- 
tems. 

To this reviewer the astronomically 
most interesting work is the detection of 
radio noise in the galaxy and from “‘point 
sources.”’ This section is least well 
covered since it is expanding so rapidly. 
About 100 small radio sources have been 
found; many are at great distances. 
From one tentatively identified at 30 
million light years more radio noise is 
received than from the sun. An im- 
portant new field is the diffraction of the 
radio waves from these sources by iono- 
sphere clouds of nonuniform phas? re- 
tardation. Several ‘‘point sources’’ have 
recently been identified as peculiar fila- 
mentary clouds of interstellar gas or as 
colliding galaxies. Theoretical explana- 
tions involve high-velocity collisions of 
ionized magnetized gas. 

So far only one emission line has been 
found, that of the hyperfine transition of 
interstellar hydrogen at 1421 megacycles. 
New techniques are being developed to 
permit frequency scanning for other lines 
and for gas-cloud velocities. A most ex- 
traordinary new plan is the construction 
of a movable 250-ft parabolic collector at 
Manchester. It is hoped that such new 
techniques will permit continued rapid 
progress. Meanwhile, the achievements 
of the first ten years of a new science should 
make fascinating reading for a large 
audience. 


Tue INITIATION AND GROWTH OF Ex- 
PLOSIONS IN Liquips AND So.ips, by 
F. P. Bowden and A. D. Yoffe, Cam- 
bridge Univ. Press, N. Y., 1952, 105 
pp. $4.50. 


Reviewed by A. J. Srosick 
Jet Propulsion Laboratory 
California Institute of Technology 

This book is a welcome addition to the 
literature of a field which abounds in rule- 
of-thumb tests. With considerable justi- 
fication the book is primarily a collection 
of the systematic and classical researches 
of the senior author and his co-workers. 


The experiments described are well de- 
signed to establish the nature of the im- 
portant ways of initiating explosions. 
They have done a great deal toward 
taking the mysticism out of the behavior 
of explosives. 

The general excellence of the book is 
disturbed only slightly by an occasional 
injudicious choice of notation or of argu- 
ment in some instances. 

The argument on page 10 concerning 
the observed relative effectiveness of 
electrons, alpha particles, argon ions, and 
mercury ions based on the size of the 
particles is not completely convincing. 
It is quite possible that elementary me- 
chanical considerations of conservation of 
momentum and energy applied to the 
collision of the incident particle and the 
target particle provide a better argument. 
For an unbound target particle, energy 
transfer from incident to target particle 
is greatest when the masses are equal. 
These considerations have been used with 
some success in interpreting Szilard- 
Chalmers processes. 

In purchasing a book of this kind, the 
buyer is not primarily interested in getting 
a lot of paper for his money, but even in 
times of inflated prices, $4.50 seems some- 
what expensive for 105 pages of text, 
references, and index. Apparently the 
favorable rates of exchange have no ef- 
fect on the price of Cambridge University 
Press books sold in this country. 


Merats at Hich TremMPERATURE, by 
Frances H. Clark, Reinhold Publishing 
Corp., N. Y., 1950,372 pp. $7. 


Reviewed by Pot DuweEz 
Jet Propulsion Laboratory 
California Institute of Technology 


This book comprises three sections, 
dealing with (1) theoretical aspects of 
creep; (2) testing methods; and (3) 
properties of metals and alloys at high 
temperature. The first section is well 
presented and quite informative, but has 
little to do with the rest of the book; no 
attempt has been made to correlate ex- 
perimental results with basic theoretical 
principles. The second section is of 
definite interest to all students and re- 
searchers entering the field of creep test- 


Epitor’s Note: This collection of references is not intended to be comprehensive, but is rather a selection of the most significant and 


stimulating papers which have come to the attention of the contributors. 


The readers will understand that a considerable body of 


literature is unavailable because of security restrictions. We invite contributions to this department of references which have not come 
to our attention, as well as comment on how the department may better serve its function of providing leads to the jet propulsion applica- 


tions of many diverse fields of knowledge. 
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ing. The third section, by far the most 
extensive (about three fourths of the 
book), is a complete compilation of all 
the mechanical properties of alloys at 
high temperature. The various types of 
alloys are dealt with separately in eight 
chapters. The material is well pre- 
sented and an accurate list of references 
will help the reader to find the original 
articles, 

The metallurgist engaged in research on 
high-temperature alloys will not find much 
information in this book on the basic 
metallurgical aspect of such alloys. The 
wealth of information on properties of 
alloys at high temperature will be ex- 
tremely useful to the mechanical engineer 
responsible for design of high-temperature 
components. This book will probably be- 
come a very popular handbook in all 
design rooms engaged in jet propulsion 
research, 


Books 


Aerodynamics of Supersonic Flight, by 
A. Pope, Putman Publishing Corporation, 
N. Y., Toronto, London, 1950, xi + 
pp. $4. 

The Principles of the Control and Stabil- 
ity of Aircraft, by W. J. Duncan, Cam- 
bridge Univ. Press, N. Y., 1952, 384 pp. 
$s. 

The Application of Infinitesimal Trans- 
formations to the Integration of Dif- 
ferential Equations of Exterior Ballistics 
by Quadratures, by E. Leimanis, Proc. 
Sec. Canad. Math. Cong., Vancouver, 
1949, Univ. Toronto Press, 1951, pp. 
206-217. $6. 

High-Speed Computing Devices, by 
C. B. Tompkins, J. H. Wakelin, and W. W. 
Stifler, McGraw-Hill Book Company, 
Inc., N. Y., 1950, 451 pp., diagrams, 
charts, tables. $6.50. 

Radar and Electronic Navigation, by 
G. J. Sonnenberg, Van Nostrand Com- 
pany, Inc., N. Y., 1952, 272 pp. $4. 

Servomechanisms, unsigned, His Ma- 
jesty’s Stationery Office, Ministry of 
Supply, London, 1951, 292 pp. 3£3s. 

Electronic Analog Computers, by G. 
A. Korn and T. M. Korn, McGraw-Hill 
Book Company, Inc., N. Y., 1952, 378 
pp. $5.70. 

Electrical Measurements, by F. K. 
Harris, John Wiley and Sons, Inc., N. Y., 
1952, 784 pp. $8. 

Electrical Breakdown of Solids, by S. 
Whitehead, Oxford Univ. Press, London, 
1951, xv + 272 pp. + 18 plates. 25s. 

Engineers and Ivory Towers, by H. 
Cross, edited and arranged by R. C. 
Goodpasture, McGraw-Hill Book Com- 
pany, Inc., N. Y., 1952, vii + 141 pp. 
$3. 

The Airport and Its Neighbors, Report 
of the President’s Airport Commission, 
Supt. of Documents, U. S. Govern. 
Printing Office, Washington, D. C., May 
16, 1952, $.70. 


NOVEMBER-DECEMBER 1952 


Jet Propulsion Engines 


Burning Rate for a Solid Propellant 
Ramjet Developing Constant Thrust, by 
P. E. Arbo, Thesis, CIT Guggenheim 
Acro. Lab., 1952.* 

Ramjet Interceptor, by W. Green, 
Skyways, vol. 11, Aug. 1952, pp. 16-17. 

Ramjet Interceptor; Leduc-021, by 
W. Green, Canad. Aviation, vol. 25, July 
1952, pp. 58-59, 134-137. 

General Electric Jet Engines, unsigned, 
Shell Aviation News, June 1952, pp. 11-13. 

Intermittent Jet Propulsion for Ships, 
unsigned, Engineer’s Digest, vol. 13, May 
1952, p. 138. 


Rocket Propulsion 
Engines 


Stabilization of Bipropellant Liquid 
Rocket Motor, by D. W. Cox, Jr., Thesis, 
C.1.T. Guggenheim Aero. Lab., 1952.* 

An Experimental Evaluation of Trans- 
piration Cooling in a Rocket-Motor 
Chamber, by Z. A. Typaldos and R. B. 
Canright, C.I.T. Jet Propulsion Lab. 
Report 1-35, June 16, 1952, 79 pp. 

Chemical Kinetics Phenomena in 
Rocket Engines, by S. C. Burket and 
others, USAF-ARDC/WADC/TR-52-108, 
June 1952.* 

The Design of Rocket Motors, by D. 
Hurden, J. Brit. interplan, Soc., vol. 11, 
May 1952, pp. 101-115. 

Liquid Propellant Rockets and Their 
Applications, by J. Humphries, Machinery 
Lloyd, Overseas Ed., vol. 23, Nov. 24, 
1951, pp. 68-71, 73, 75, 77, 79. 

Rocket Research: Signal Corps Re- 
ports on Some of Its Work, unsigned, 
Tech. Data Digest, vol. 17, Aug. 1952, pp. 
11-12. 

Rocket Model Does Work of Wind- 
tunnel, by G. L. Christian, Aviation Week, 
vol. 56, June 9, 1952, pp. 21-25. 

Rocket Refueller, unsigned, Aeronautics, 
vol. 25, May 1952, p. 45. 

Cannon or Rockets, unsigned, <Aero- 
nautics, vol. 26, July 1952, p. 77. 


Heat Transfer and Fluid 
Flow 


Discharge Measurements by Means of 
Cylindrical Nozzles, by A. L. Jorissen, 
Trans. ASME, vol. 74, July 1952, p. 825. 

Note on the Discharge Coefficient of a 
Critical-Flow Nozzle, by H. Wise, J. Appl. 
Phys., vol. 23, July 1952, p. 801. 

Notes on Gas Flow Through a Nozzle, 
by A. M. Binnie, Proc. Camb. Phil. Soc., 
vol. 46, July 1950, pp. 492-499. 

Three Dimensional Supersonic Nozzles 
and Inlets of Arbitrary Exit Cross See- 
tion, by J. Evvard, NACA TN 2688, 14 
pp. 

[Asterisk (*) used throughout indicates that 
no page numbers are available.] 


Experiments on Separation of Boundary 
Layers on Probes in Front of Blunt-Nosed 
Bodies in a Supersonic Air Stream, by 
W. A. Mair, Phil. Mag., vol. 43, July 1952, 
p. 695. 

The Effect of Nonlinear Aerodynamic 
Characteristics on the Dynamic Response 
to a Sudden Change in Angle of Attack, 
by T. W. Oswald, J. Aero Sci., vol. 19, 
May 1952, pp. 302-316. 

The Flow Pattern of a Supersonic Pro- 
jectile, by G. B. Whitham, Comm. Pure 
Appl. Math., vol. V, Aug. 1952, pp. 301- 
347. 

The Profile of a Steady Plane Shock 
Wave, by H. Grad, Comm. Pure Appl. 
Math., vol. V, Aug. 1952, pp. 257-300. 

Nozzle Characteristics in High-Vacuum 
Flows; Rarefied Gas Dynamics, by R. G. 
Folsom, Trans. ASME, vol. 74, Aug. 1952, 
pp. 915-918. 

Theoretical and Experimental Investi- 
gation of Condensation of Air in Hyper- 
sonic Wind Tunnels, by H. G. Stever and 
K. C. Rathbun, NACA TN 2559, Dec. 
1951, 79 pp. 

Heat Transfer from Right Circular 
Cones to a Rarefied Gas in Supersonic 
Flow, by R. M. Drake, Jr., and G. J. 
Maslach, Univ. Calif. Report HE-150-91, 
April 8, 1952, 27 pp. 

The Transients Arising From the Addi- 
tion of Heat to a Gas Flow, by P. M. 
Stocker, Proc. Camb. Phil. Soc., vol. 48, 
July 1952, pp. 482-498. 

The Effect of Nonuniform Surface Tem- 
perature on the Transient Aerodynamic 
Heating of Thin-Skinned Bodies, by A. FE. 
Bryson and R. H. Edwards, J. Aero. Sci., 
vol. 19, July 1952, pp. 471-475. 

Acoustical Characteristics of Jet-Edg > 
and Jet-Edge Resonator Systems, by 
W. L. Nybord, J. acoust. Soc. Amer., vol. 
24, May 1952, pp. 293-304. 

Driving Standing Waves by Heat Addi- 
tion, by P. L. Blackshear, Jr., NACA TN 
2772, Aug. 1952.* 

On Problems of Heat Conduction in a 
Compressible Fluid, by T. Y-T. Wu, The- 
sis, CIT Guggenheim Aero. Lab., 1952.* 

The Propagation of Turbulence Into a 
Laminar Boundary Layer, by M. Mitch- 
ner, Harvard Univ. Interim Tech. Report 
3, June 1952.* 

A Solution of the Laminar Boundary- 
Layer Equations for a Compressible Fluid 
With Variable Properties, Including Dis- 
sociation, by L. L. Moore, J. Aero Sci., 
vol. 19, Aug. 1952, pp. 505-518. 

Experimental Investigation of Average 
Heat-Transfer and Friction Coefficients 
for Air Flowing in Circular Tubes Having 
Square-Thread-Type Roughness, by E. W. 
Sams, NACA RM _ E52D17, June 27, 
1952.* 

Heat Transfer to Constant-Property 
Laminar Boundary-Layer Flows With 
Power-Function Free-Stream Velocity and 
Wall-Temperature Variation, by S. Levy, 
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J. Aero Sci., vol. 19, May 1952, pp. 341- 
348. 

Method of calculation of Heat Transfer 
in Laminar Regions of Air Flow Around 
Cylinders of Arbitrary Cross Section; 
Including Large Temperature Differences 
and Transpiration Cooling, by E. R. G. 
Eckert, and J. N. B. Livingood, NACA TN 
2733, June 1952.* 


Combustion 


Aerodynamics of a Two-Dimensional 
Flame, by R. A. Gross, Harvard Univ. 
CTP, Interim Tech. Report 2, June 1952.* 

Measurement of Temperature and Pres- 
sure in Combustion Aerodynamics, by 
R. A. Gross, Harvard Univ. CTP, Interim 
Tech. Report 1, June 1952.* 

Studies of Flame-Front Oscillations, by 
D. E. Shonerd, CIT Jet Propulsion Lab 
Report 3-18, June 4, 1952, 18 pp. 

Investigation of Flame Velocities at Low 
Pressures, by G. A. Eriksen, Thesis, CIT 
Guggenheim Aero. Lab., June 1952.* 

Effect of Initial Mixture Temperature 
on Flame Speed of Methane-Air, Propane- 
Air, and Ethylene-Air Mixtures, by G. L. 
Dugger, NACA Report 1061, 1952.* 

Flame Propagation in Cylindrical 
Tubes, by P. Levine, Mech. Engng., 
vol. 74, June 1952, pp. 483-485 and 489. 

Note sur les ondes explosive sphériques 
dans les mélanges gazeux, by N. Manson, 
and F. Ferrié, Compt. rend., vol. 235, 
July 6, 1952, pp. 139-140. 

Studies on Burner Flames of Hydrogen- 
Oxygen Mixtures at High Pressures, by 
R. Edse, USAF-ARDC/WADC/TR-52- 
59, April 1952.* 

Spectra of Flames Supported by Free 
Atoms, by A. G. Gaydon and H. G. Wolf- 
hard, Proc. Roy. Soc. Lond. (A), vol. 213, 
July 8, 1952, pp. 366-379. 

Effect of Vibrational Excitation on the 
Theoretical Performance of the Stoichio- 
metric Carbon-Oxygen Propellant System, 
by J. H. Schroeder, Thesis, C.1.T. Guggen- 
heim Aero. Lab., June 1952.* 

On the Validity of Spectroscopic Tem- 
perature Determinations in Flames, by 
K. E. Shuler, J. Chem. Phys., vol. 20, 
July 1952, pp. 1176-1177. 

On the Determination of Rotational 
Line Half-Widths of Diatomic Molecules, 
by S. S. Penner and H. S. Tsien, J. Chem. 
Phys., vol. 20, May 1952, pp. 827-828. 

On the Validity of Anomalous Popula- 
tion Temperatures in Flames, by S. 8. 
Penner, J. Chem. Phys., vol. 20, July 
1952, pp. 1175-1176. 

Kinetics of the Non-Catalytic Oxida- 
tion of Ammonia; Static Experiments in 
an Empty Uncoated Silica Vessel, by 
E. R. Stephens and R. N. Pease, J. Amer. 
Chem. Soc., vol. 74, July 20, 1952, pp. 
3480-3482. 

The Kinetics of the Thermal Decom- 
position of Normal Paraffin Hydrocarbons. 


354 


IV. Modes of Rupture of the Carbon 
Chain, by K. U. Ingold, F. J. Stubbs, and 
C. N. Hinshelwood, Proc. Roy. Soc. Lond. 
(A), vol. 208, 1951, pp. 285-291. 

The Kinetics of the Thermal Decom- 
position of Normal Paraffin Hydrocarbons. 
V. Order of Reaction over Extended 
Ranges of Pressure, by F. J. Stubbs, K. U. 
Ingold, B. C. Spall, C. J. Danby, and C. 
Hinshelwood, Proc. Roy. Soc. Lond. (A), 
vol. 214 Aug. 7, 1952, pp. 20-35. 

Combustion of Carbon in High Tem- 
perature, High Velocity Air Streams, by 
J. M. Kuchta, A. Kant, and G. H. Damon, 
Indust. Engng. Chem., vol. 44, July 1952, 
pp. 1559-1563. 

Elementary Processes in the Combus- 
tion and Gasification of Coal, by H. Beh- 
rens, Chemie-Ing.-Technik, vol. 24, June 
1952, pp. 349-357. 

Heat Flow and Diffusion in the Chemi- 
cal Reaction of a Finite Solid with a Gas. 
I. Exothermal, First-Order Reaction 
Which Consumes the Gaseous Reactant, 
by B. L. Hicks and others, USA-Ordnance/ 
ApG-BRL Report 804, April 1952.* 

A Mechanical Theory of Spinning Det- 
onation, by J. A. Fay, J. Chem. Phys., 
vol. 20, June 1952, pp. 942-950. 


Fuels, Propellants, and 
Materials 


Physical Properties of Liquid Fluorine, 
by G. W. Elverum, Jr., and R. N. Doe- 
scher, CIT Jet Propulsion Lab. Ext. Pub. 
138, July 14, 1952, 8 pp., 4 figs. 

A Simple Synthesis of Lithium Boro- 
hydride, by G. Wittig and P. Hornberger, 
Z. Naturforsch., vol. 6b, 1951, pp. 225- 
226. 

Studies in the Preparation of and Ther- 
mal Decomposition of Alkyl Hydrazines, 
unsigned, Alabama Univ., PR N8onr- 
78800, Oct. 1, 1950.* 

Study of Hydrazine Reactor Design; 
Physical and Thermodynamic Properties 
of Hydrazine, unsigned, Koppers Co., Inc., 
N9-onr-83301 Report 10, March 1950.* 

Kinetics of the Formation of Hydrazine 
from Ammonia, unsigned, Koppers Co., 
Inc., N9-onr-83301 Report 8, Nov. 1949.* 

Research on Acetylenes, unsigned, Univ. 
Calif. L.A., N6-onr-27509 TR, Jan. 31, 
1951.* 

Solid State Physics in Electronics and 
in Metallurgy, by W. Shockley, J. Metals, 
vol. 4, Aug. 1952, pp. 829-842. 

Synthetic Rubber Compound Has High 
Fuel Resistance, unsigned, Materials and 
Methods, vol. 36, July 1952, pp. 134 and 
136. 

Corrosion by Fluorine and Fluorine 
Compounds, by R. Landau, Corrosion, 
vol. 8, Aug. 1952, pp. 283-288. 

New Light on the Corrosion of Alu- 
minum, unsigned, Aeronautics, vol. 26, 
July 1952, p. 27. 


Origin of the Deformation Textures of 
Titanium, by D. N. Williams and D. §. 
Eppelsheimer, Nuture, vol. 170, July 26, 
1952, pp. 146-147. 

Titanium at Work in Jet Engines, by 
P. G. DeHuff, Westinghouse Engr., vol. 12, 
July 1952, pp. 118-120. 

The Flow of Metals, by C. Andrade, 
Engineering, vol. 173, May 9, 1952, pp 
601-602. 

Thermal Stress in Power-Producing 
Elements, by A. 8. Thompson, J. Aero. 
Sci., vol. 19, July 1952, pp. 476-480. 

Experimental and Theoretical Deter- 
mination of Thermal Stresses in a Flat 
Plate, by R. R. Heldenfels and W. M 
Roberts, NACA TN 2769, Aug. 1952.* 

Thermal Buckling of Plates, by M. L 
Gossard and others, NACA TN 2771 
Aug. 1952.* 


Physical-Chemical Topics 


Information and Thermodynamics, by 
J. Rothstein, Phys. Rev., vol. 85, 952, p. 
135. 

Thermodynamic Continuity and Quan- 
tum Principles, by A. Lande, Phys. Rev., 
vol. 87, July 15, 1952, pp. 267-270. 

Thermodynamics of the Critical Point, 
by W. G. Schneider and A. Chynoweth, 
J. Chem. Phys., vol. 19, 1951, pp. 1607. 

A Hydrogen Liquefier Using Neon as an 
Intermediate, by C. B. Hood and E. R. 
Grilly, Rev. Sci. Instrum., vol. 23, July 
1952, pp. 357-361. 

Selected Values of Chemical Thermo- 
dynamic Properties, by F. D. Rossini, 
D. D. Wagman, W. H. Evans, 8S. Levine, 
and I. Jaffe, Nat. Bur. Stands. Cire. 500, 
1952, 1266 pp. 

General Method and Thermodynamic 
Tables for Computation of Equilibrium 
Composition and Temperature of Chemi- 
cal Reactions, by V. N. Huff, NACA TR 
1037, 57 pp. 

Calculation of Thermodynamic Proper- 
ties and Intermolecular Force Constants 
of Imperfect Gases by Means of High- 
Speed Computers, by D. White, Ohio 
State Univ. Eng. Exp. Sta. N, vol. 24, 
June 1952, p. 12. 

Experimental and Theoretical Activities 
in the Gas Properties Field, 1948 to Date, 
by I. F. Weeks, Wisc. Univ. Nav. Res. 
Lab. Dept. Chem. Report CM-703, Jan. 8, 
1952, 47 pp. 

An Equation of State Applicable to 
Gases at Densities Near That of the 
Solid and Temperatures Far Above the 
Critical, by T. L. Cottrell, Proc. Roy. 
Soc. Lond. (A), vol. 213, June 24, 1952, 
pp. 214-225. 

A Discussion on Bond Energies and 
Bond Lengths, 10 papers, Proc. Roy. Soc. 
London. (A), vol. 207, 1951, pp. 1-136. 

Thermodynamic Properties of the Fluo- 
rine Atom and Molecule and of Hydrogen 
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Fluoride to 5000°K, by L. G. Cole, M. 
Farber, and G. W. Elverum, Jr., J. Chem. 
Phys., vol. 20, April 1952, pp. 586-590. 

The Pressure Dependence of the Ab- 
sorption by Entire Bands of Water Vapor 
in the Near Infrared, by J. N. Howard and 
R. M. Chapman, J. Opt. Soc. Amer., 
vol. 42, June 1952, pp. 423-426. 

Methods of Measuring the Properties of 
Ionized Gases at High Frequencies, by 
Ss. C. Brown, J. Appl. Phys., vol. 23, 
July 1952, p. 711. 

Temperature Dependence of the Vis- 
cosity of Associated Liquids, by T. A. Lito- 
vitz, J. Chem. Phys., vol. 20, July 1952, pp. 
1088-1089. 

Direct Calculation of Viscosities of 
Liquids, by M. S. Telang, Nature, vol. 
170, July 26, 1952, pp. 160-161. 

On the Viscosity of Fluids According to 
the Kinetic Theory, by C. Truesdell, 
Z. Phys., vol. 131, Feb. 1952, pp. 273-289. 

Fugacity of Vapor Mixtures, by E. R. 
Gilliland and T. E. Sullivan, Chem. Eng. 
Progress Symposium, Ser. 48, No. 2, 
1952, pp. 18-27. 

The Theory of the Condensation of 
Supersaturated Ion-Free Vapour, by F. J. 
M. Farley, Proc. Roy. Soc. London. (A), 
vol, 212, May 22, 1952, pp. 530-542. 

Vapor Pressure-Composition Measure- 
ments on Aqueous Hydrazine Solutions, 
by J. G. Burtle, Indust. Engng. Chem., 
vol. 44, July 1952, pp. 1675-1676. 

Vapor Pressure of Phosphoric Acids, by 
k. H. Brown and C. D. Whitt, Indust. 
Engng. Chem., vol. 44, 1952, pp. 615-618. 

Direct Determination of the Sublima- 
tion Energy of Carbon, by T. Doehaerd, 
P. Goldfinger, and F. Waelbroeck, J. 
Chem. Phys., vol. 20, April 1952, p. 57. 

On the Mechanism of Evaporation of 
Graphite, by F. Waelbroeck, J. Chem. 

Gyromagnetic Effect in a Supercon- 
ductor, by R. H. Pry, Phys. Rev., vol. 86, 
June 15, 1952, pp. 905-907. 


Instrumentation and 
Experimental Techniques 


Instrumentation for Testing Aircraft 
and Aero-Engines, by C. N. Jacques, J. 
Roy. Aero. Soc., vol. 55, Dec. 1951, pp. 
762-781. 

Instrument Servomechanisms, by W. J. 
Deerhake and A. C. Hall, USN-ONR/ 
NAVEXOS-P-536, reprinted Aug. 1, 1951, 
April 1, 1952, 265 pp. 

Fundamentals of Electronic Recorders, 
by J. E. Witherspoon, Instruments, vol. 
25, July 1952, pp. 900-902, 916, 917. 

Electrical Noise from Instrument Cables 
Subjected to Shock and Vibration, by 
T. A. Perls, J. Appl. Phys., vol. 23, June 
1952, pp. 674-680. 

Measurement of Thermal Conductivity 
at High Temperatures (in Italian), by 


NOVEMBER-DECEMBER 1952 


A. Rasi, Ric. Sci., vol. 22, Jan. 1952, pp. 
46-55. 

Thermocouple Thermal Error, by J. W. 
Rizika, Indust. Engng. Chem., vol. 44, 
May 1952, pp. 1168-1171. 

A Recording Device for Surface Tem- 
perature Measurements, by N. Sasaki 
and A. Kamada, Rev. Sci. Instrum., vol. 
23, June 1952, pp. 261-263. 

Sensitive, Bimetal, Snap-Acting Ther- 
mostats, unsigned, Prod. Engng., vol. 23, 
Aug. 1952, p. 226. 

Apparatus for Imposing and Measuring 
Rapid Pressure Changes in Gases, by 
K. P. Coffin and 8. H. Bauer, Rev. Sci. 
Instrum., vol. 23, March 1952, pp. 115- 
118. 

Attenuation of Oscillatory Pressures in 
Instrument Lines, by A. S._ Iberall, 
Statham Inst. Notes, June 1952, pp. 85- 
108. 

Vibration Pick-Up with Large Fre- 
quency Range, by Y. I. Yorish, Engrs. 
Digest, vol. 13, June 1952, pp. 185-186. 

Note on Beranek’s Theory of the Acous- 
tic Impedance of Porous Materials, by 
J. W. McGrath, J. Acoust. Soc. Amer., 
vol. 24, May 1952, pp. 305-309. 

The Canopy of Noise, by H. A. Shank- 
lin, Air Facts, vol. 15, Aug. 1952, pp. 
25-28. 

Orifice and Flow Coefficients in Pul- 
sating Flow, by N. A. Hall, Trans. ASME, 
vol. 74, Aug. 1952, pp. 925-929. 

Basic Difficulties in Pulsating-Flow 
Metering, by A. R. Deschere, Trans. 
ASME, vol. 74, Aug. 1952, pp. 919-923. 

Linear-Resistance Meters for Liquid 
Flow, by R. C. Souers, Trans. ASME, vol. 
74, July 1952, p. 837. 

Flow Meter for Molten Metal, unsigned, 
Heating, Piping, and Air Cond., July 1952, 
p. 216. 

High-Pressure Measurements with Elas- 
tic Measuring Tubes (in German), un- 
signed, ZV DI, vol. 93, Dec. 1951, pp. 
1129-1131. 

Constant-Level Device for Liquids, 
unsigned, Tech. News Bull., vol. 36, 
July 1952, p. 97. 

True Airspeed Measurement by Ioniza- 
tion-Tracer Technique, by B. Boyd, 
R. G. Dorsch, and G. H. Brodie, NACA 
RM E52C31, July 21, 1952, 37 pp. 

The Pitot Cylinder as a Static Pres- 
sure Probe in Turbulent Flow, by A. H. 
Glaser, J. Sci. Instrum., vol. 29, July 
1952, pp. 219-221. 

An American Method of Photographing 
Flow Patterns, unsigned, Airer. Engng., 
vol. 23, June 1952, pp. 164-169. 

Visualization of Flow Fields by Use of a 
Tuft Grid Technique, by J. D. Bird, 
J. Aero. Sci., vol. 19, July 1952, pp. 481- 
485. 

Flight Instruments in Insects, by T. H. 
Waterman, Amer. Sci., vol. 38, April 
1950, pp. 222-238. 


Terrestrial Flight, 
Ballistics, and Vehicle 
Design 


Initial Motion of a Rocket Moving on a 
Stretched Cable, by W. E. Weinberg, 
Thesis, CIT Guggenheim Aero. Lab., 
1952.* 

Optimum Range of a Wingless Rocket 
About a Rotating Earth, by G. Mueller, 
Thesis, CIT Guggenheim Aero. Lab., 
1952.* 

Determination of the Minimum Take- 
Off Weight of Large Rockets, by H. H. 
Koelle, Rocketscience, vol. 6, June 1952, 
pp. 31-40. 

The Classical Equations of Motion of 
Point Particles, by P. Havas, Phys. Rev., 
vol. 87, July 15, 1952, pp. 309-318. 

Remarkable Points on a Trajectory. 
V. Curvilinear Trajectories. Point of 
an Element of Given Value, VI. Con- 
tact with the Safety Curve (in French), 
by M. Garnier, Mem. Artil. fr., vol. 25, 
1951, pp. 747-804. 

Temperature Barrier in Geodetic Mis- 
siles. II. Dynamics of a Missile with 
Propulsive Jet (in Italian), by G. A. 
Crocco, Atti. Acad. naz. Lincet R. C. Cl. 
Fis. Mat. Nat., vol. 11, July-Aug. 1951, 
pp. 3-10. 

The Solution of Aeroelastic Problems 
by Means of Electrical Analogies, by R. H. 
MacNeal, G. D. McCann, and C. G. 
Wilts, J. Aero. Sci., vol. 18, Dec. 1951, 
pp. 777-789. 

Mathematic Methods in the Solution of 
Aeroballistic Problems, by G. Temple, 
NAVORD Report 1843, April 23, 1951.* 

An Investigation of the Effect of the 
Muzzle on the Motion of the Projectile 
in a Recoilless Gun, by F. A. Woodward, 
Thesis, CIT Guggenheim Aero. Lab., 
1952.* 

Development of the Guided Missile, 
unsigned, Flight, vol. 61, July 18, 1952, p. 
68. 


Space Flight 


Interstellar Flight, by L. R. Shepherd, 
J. Brit. Interplan. Soc., vol. 11, July 1952, 
pp. 149-167. 

Destination: Space, by J. G. Vaeth, 
Flying, vol. 51, Sept. 1952, pp. 11-12 and 
58. 

First into Space, unsigned, J. Brit. 
Interplan. Soc., vol. 11, July 1952, pp. 
194-196. 

Flight Beyond Gravity, by R. C. Early, 
Air Trails, vol. 36, May 1952, pp. 19-20 
and 73. 

Interorbital Transport Techniques, by 
H. Preston-Thomas, J. Brit. Interplan. 
Soc., vol. 11, July 1952, pp. 173-193. 

The Fundamental Basis of Power Gen- 
eration in a Satellite Vehicle, by C. A. 
Cross, J. Brit. Interplan. Soc., vol. 11, 
May 1952, pp. 117-125. 
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MODEL 1809 
BRIDGE CONTROL UNIT 


FOR VIBRATION AND STRESS ANALYSIS 


Designed as a companion unit to Century’s famous Model 409 Oscillograph, the Model 
1809 Bridge Control Unit is the latest addition to Century’s line of industry-standard 
vibration and stress analyzing equipment. Packaged in a small, compact space, the unit 
contains all of the facilities necessary for use with 12 channels of resistance strain gages 
or bridge-type transducers. Where used with the Model 409 Oscillograph, it is necessary 
only to connect strain gages and power source to have a complete stress-strain measuring 
and recording system, small and rugged enough to be placed in an aircraft wing tip or 
guided missile warhead. 


FEATURES: 
Size: 4%” x 7” x 11”. 
Weight: 10% pounds. 


Aluminum case. 


For any resistance strain gage or bridge-type 
transducer. 
May be used with direct indicating instrument. 
Power: Control unit, 22-28 Volt D.C. 
Strain gage, 6-28 Volt D.C. 


CGC—307 


Up to 12 channels. 
Write for Bulletin 


MODEL 
409 
OSCILLOGRAPH 


The Century Model 409 Oscillograph has been designed for recording data where space and 
weight requirements are limited. The Oscillograph has been tested to record faithfully while 
subjected to accelerations up to 20 G's. 


FEATURES: 

Size: 5” x x 
Weight: 13 pounds. 

Cast aluminum case. 


_ Paper speeds variable 12” to 6” 
and 2” to 24” per second. 


Detachable daylight loading magazine with 
a capacity of 356” x 100’ paper. 

2 to 14 individual channels. 

Trace identification. 


Trace viewing. 


Write for Bulletin CGC—303 


GEOPHYSICAL CORPORATIO | 


TULSA, OKLAHOMA 


No. Bodine 3406 W. Washington Bled 238 Lafayette St. 309 Browder 
th Cott Dayton 2, Ohio Dallas, 
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Astrophysics, Aerophysics, 
and Atomic Physics 


Radio Astronomy, unsigned, Engineer, 
vol. 173, May 9, 1952, pp. 640-642. 

The origin of Zodiacal Light, by W. A. 
Rense, Astrophys. J., vol. 115, May 1952, 
pp. 501-505. 

The Space Distribution of Interstellar 
Material in the Milky Way, by L. Binnen- 
dijk, Astrophys. J., vol. 115, May 1952, 
pp. 428-458. 

Solar System Notes, by P. A. Moore, 
J. Brit. Interplan. Soc., vol. 11, May 1952, 
pp. 129-130. 

Velocity Distribution of Sporadic Met - 
ors, unsigned, Nature, vol. 169, June 7, 
1952, p. 962. 

Reflection from Meteoritic Surfaces, by 
F. A. Kloverstrom and W. A. Rense, 
Astrophys. J., vol. 115, May 1952, pp. 
495-500. 

A Radio-Astronomical Investigation of 
Winds in the Upper Atmosphere, unsigned, 
Nature, vol. 169, May 3, 1952, pp. 746- 
748. 

Cosmic Rays and the Sun’s Magnetic 
Field, by J. A. Van Allen and 8S. F. Singer, 
Nature, vol. 170, July 12, 1952, pp. 62- 
63. 

Lunar Reflection of UHF Communica- 
tions, unsigned, J. Franklin Inst., vol. 253, 
July 1952, pp. 70-71. 

Physical Properties of the Upper At- 
mosphere, by H. K. Kalimann, USAF 
Proj. Rand RM-841, May 12, 1952.* 

Applied Research in Weather Fore- 
casting, by J. C. Thompson, Bull. Amer. 
Meteor. Soc., vol. 33, May 1952, pp. 195- 
198. 

The Response of Balloons to the Wind, 
by D. T. Perkins, Bull. Amer. Meteor. 
Soc., vol. 33, April 1952, pp. 135-139. 

High-Altitude Winds, by J. H. Win- 
chester, Aviation Age, vol. 17, April 1952, 
pp. 42-43. 


General Topics 


Errors in Rocket Development. 2, 
by H. Oberth, Rocketscience, vol. 6, June 
1952, pp. 26-30. 

Thirty Years of Space Travel Research, 
by W. Ley. Reaction Res. Soc. News, 
Aug. 1952, pp. 2-3. 

How Much Does Jet Propulsion Cost?, 
by E. Sanger, /nteravia, vol. VII, No. 6, 
1952, pp. 338-340. 

Jet Propulsion; a Strain on Men and 
Nations, by P. M. Gallios, Interavia, vol. 
VII, No. 6, 1952, pp. 304-307. 

Prophecy and Achievement in Aero- 
nautics, by H. M. Garner, Engineering, 
vol. 173, June 20, 1952, pp. 793-794. 

A Suggested Filing System for Keeping 
Abreast of Technical Literature, by G. A. 
Hawkins, Mech. Engng., vol. 74, Aug. 
1952, pp. 647-648. 
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ARS Preprints 


PRICE PER COPY: 
25 cents to members 
50 cents to nonmembers 


Code 
No. Title and Author 

63-52 “A Survey of Combustion Instability in Liquid Pro- 
pellant Rocket Engines,’’ by R. S. Levine, and R. B. 
Lawhead 

64-52 “A Simplified Combustion Analysis System,’’ by R. 
Neumann, D. Dembrow, W. Berl, and R. Prescott 

65-52 ‘Combustion Studies in Rocket Motors,’’ by K. Berman 
and 8. H. Cheney 

66-52 Photographic Study of Injection,’ by M. N. Olsen 

67-52 ‘‘The Atmosphere of Earth and Mars in the Light of 
Recent Physiological Concepts,’’ by H. Strughold 

68-52 ‘‘Escape and Survival in the Borderzone of Space,’’ by 
F. Haber 

69-52 ‘Establishment of Large Satellites by Means of Small 
Orbital Carriers,’’ by K. A. Ehricke 

70-52 ‘‘Rockets Behind the Iron Curtain,’’ by G. P. Sutton 

71-52 ‘‘Application of the Ramjet to Aircraft Propulsion,” 
by M.S. Harned 

72-52 ‘‘Application of Analog to Control] Design 
for Aircraft Engines,’’ by W. C. Schaffer 

73-52 ‘‘Determination of Pressure Time Curves for Motors of 
Gun-Launched Rockets,’ by E. F. Lype 

74-52 ‘‘Telemetry Instrumentation for Rocket Flight Tests,”’ 
by R. P. Haviland 

75-52 ‘‘The Evaluation of Competing Rocket Power Plant 
Components for Two-Stage Long Range Vehicles,”’ 
by A. L. Feldman 

76-52 ‘‘Design of Liquid Propellant Booster Rockets,” by 
Powel Brown 

77-52 ‘‘The Effect of Variation of Propellant Density on 
Rocket Performance,’’ by J. Lorell and A. R. Hibbs 

78-52 ‘‘Hydrogen Peroxide, Problems and Operating Proced- 
ures,’’ by G. W. Meckert 

79-52 “Effect of Pump Performance on Liquid Propellant 
Rocket Design,’’ by J. E. Zimmerman 

80-52 ‘‘Ignition of Fuel With Nitric Acid,’’ by K. C. Halliday 

81-52 ‘‘The Effect of Chemical Reactions upon Predicted 
Performance of Rocket Motors,’ by R. F. Potter 

82-52 ‘‘The Nitric Acid-Ammonia Propellant Combination 


for Rockets,”’ by R. J. Thompson 

“A Modified Sodium Line Reversal Technique for 
Measurement of Combustion Temperature in Rocket 
Engines,’’ by M. F. Heidmann and R. J. Priem 


American Rocket Society 
29 W. 39th Street, New York 18, N. Y. 


Please send me the preprints checked below: 


638-52 [J 68-52 72-52 [76-52 [ 80-52 
64-52 [J 69-52 [J 73-52 [) 77-52 81-52 
65-52 (J) 70-52 74-52 [J 78-52 [) 82-52 
66-52 (J 71-52 75-52 79-52 83-52 
67-52 

My (check) (M.O.) for $........... is attached. 


| 
| 


NOVEMBER-DECEMBER 1952 


Publications on Rockets 
and Yet Propulsion 


Available through the 
AMERICAN ROCKET SOCIETY, INC. 


29 West 39th Street, New York 18, N. Y. 
ELEMENTS OF PRACTICAL AERODYNAMICS 


By JONES 


Presents an elementary introduction to serve either as a sur- 
vey of the practical aspects of aerodynamics or as a prelimi- 
nary to a more theoretical treatment of the subject. 


Published 1950 


THE EXPLORATION OF SPACE 


By Artuur C, CLARKE 


444 pages $5.00 


A simple, scientifically accurate treatment of space travel and 
man’s place in the Universe. 


Published 1952 199 pages $3.50 
SPACE MEDICINE 

Edited by Joun P. MARBARGER 

The human factor in flights beyond the earth. 

Published 1951 83 pages $3.00 


MODEL JETS AND ROCKETS FOR BOYS 


By Raymonp F. YatTes 


Here is the Yates book on model jets and rockets, which 
enthusiasts will weleome. It gives detailed instructions on 
the building of these fascinating small-scale engines and ex- 
plicit information on their care, on the conditions under 
which they fly best, and on the easily obtainable materials for 
their assembly. 


Published 1952 
SERVOMECHANISMS AND REGULATING SYSTEM 
DESIGN 


108 pages $2.50 


By Haroip Cuestnut and Ropert W. Mayer 


Intended for the training of design and application engineers 
in the principles of feedback control. 


Published 1951 


THE AURORAE 
By L. Harane 


505 pages 


This is the first comprehensive book on a phenomenon which 
has fascinated and puzzled scientists for many years. It is 
written as a guide to making and interpreting auroral observa- 
tions. 


Published 1951 


HELICOPTER ANALYSIS 


By ALEXANDER A, NIKOLSKY 


166 pages $4.50 


A thorough summing-up of helicopter theory, with emphasis 
on its application to the analysis of basic helicopter problems. 


Published 1951 $7.50 
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SCREW MACHI 
From Precision Instrument 


Screws... 
WALTHAM makes all 


sizes and types of 
precision instrument 
screws for industrial 
and scientific use, in 
sizes from #0000-200 
pitch up. Screws #0-80 
and #1-72 are in stock. 
We can furnish cut 
thread or ultra-pre- 
cision roll thread 
products, as are now 
specified for many ap- 
plications. Parts are 
produced exactly to 
your specifications 
under rigid quality con- 
trol and inspection. 
No > is too large 
or too small. 

Send us your blueprints 
for free estimates that are 
right and reasonable. 


Special screws, screw 
machine parts — of all 
materials — particular- 
ly stainless steels, in all 
nishes. Includes cen- 
terless grinding. We 
specialize in manufac- 
ture of unusual parts. 


Remember, an instrument is 
only as good as its fasteners. 


Waltham Fasteners make 
good instruments better. 


fo Accurate 
Metal Parts. 


SKILLED WORKERS, LATEST 
EQUIPMENT, MODERN PLANT 
are your guarantee of Quality. 


Depend on WALTHAM for 
Precision * Accuracy * Uniformity 


WALTHAM 


SCREW COMPANY 
76 Rumford Ave., Waltham 54, Mass. 


SCREW MACHINE PRODUCTS SINCE 
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G. M. GIANNINI & CO., INC., Pasadena 1, California 


he Facts about 


your Future 


Discover the 

greater opportuni- 
ties offered engi- 
neers by the 
greatest diversity of 
projects of any air- 
craft company in the 
East! Write today 
for fact-packed 
brochure. 


SEND FOR ENGINEERING BROCHURE 


THE GLENN L. MARTIN COMPANY 

Personne! Dept. « Section A « Baltimore 3, Md. 

Please send me your brochure describing engineering opportuni- 
ties at Martin. 
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Research 
Rides a Rocket 


The Naval Research Laboratory’s 
Viking rocket research at White 
Sands Proving Grounds, N. M., 
hunts facts, figures and formulas 
in the upper atmosphere. 


URTLING far into the blue, Naval Research Labor- 
H atory rockets ask questions of the earth’s upper 
atmosphere . . . flash back the answers needed to guide 
the designers of tomorrow’s piloted and pilotless super- 
altitude systems for peace or war. What are the pres- 
sures and temperatures of the earth’s atmospheric 
layers... the high-altitude changes in the earth’s mag- 
netic field affecting navigational instruments . . . the 
alterations in radio waves caused by the ionosphere . . . 
the effects of sun spots on communications equipment 
out beyond the filtering effects of the earth’s heavy 
atmosphere? 


Martin Viking rockets play a major role in this high- 
altitude flight research program. Last summer, the 
Viking cracked the world’s altitude record for single- 
stage rockets . . . nosing 136 miles into the heavens at 
a top speed of 4100 m.p.h. Now, an even more powerful 
Viking is being readied for launching. The Martin 
Company is proud to be a partner with the Naval Re- 
search Laboratory in these vital activities . . . helping 
to prove that America’s most valuable secret weapon is 
its scientific leadership! THe GLrenn L. Martin Com- 
PANY, Baltimore 3, Md. 


# 


AIRCRAFT 
Builders of Dependable "SZ Aircraft Since 1909 


Developers and Manufacturers of: Navy P5M-1 Marlin seaplanes © Air 
Force B-57A Canberra night intruder bombers ¢ Air Force B-61 Matador 
pilotless bombers « Navy P4M-1 Mercator patrol planes * Navy KDM-1 
Plover target drones * Navy Viking high-altitude research rockets « Air Force 
XB-51 developmental tactical bomber © Martin airliners ¢ Guided missiles 
Electronic fire control & radar systems « Leaders In Building Air Power to 
Guard the Peace, Air Transport to Serve It. 
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Consult 


GENERAL CHEMICAL 


As a primary producer of Nitric Acid for over 50 years 


General Chemical developed the first Anhydrous Nitric Acid 


ever made. It also pioneered with special fuming grades. 


Similarly, its key position in the field of fluorine chemistry has led 


to its manufacture of Elemental Fluorine, Chlorine Trifluoride 


and related compounds. 


If you require the oxidants listed here or similar materials, consult 


General Chemical. A letter outlining your needs will receive the 


prompt, confidential attention of our Product Development 


Department. The services of its technical staff are also available 


in helping develop special products to your specifications. 


Product Development Department 


GENERAL CHEMICAL DIVISION 


ALLIED CHEMICAL & DYE CORPORATION 
40 Rector Street, New York 6, N. Y. 


NITRIC ACID 


Anhydrous White Fuming 


Total Acidity 99.8% min. Reagent, A.C.S. and 
Technical, Sp. Gr. 1.49-1.50 


Red Fuming 
Reagent, and Technical 
Sp. Gr. 1.59-1.60 


Elemental Fluorine Chlorine Trifluoride 


Other Organic Fluorides 
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